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Abstract
Amid concerns of global warming, it has become necessary to reduce the emissions
produced by engines. One method of achieving this is by controlling the air/fuel mix-
ture formed by the spray of the injector within the combustion chamber. In comparing
previous experimental results and the equations which describe the spray structure dis-
agreement was found, which is expected to be caused by having insufficient information
of the injection pressure; a required input of the equation. The aim of this research is
to predict this injection pressure by modelling a mechanical injector, and testing and
modelling a common rail injector. The mechanical injector simulations show that the
injection pressure is lower than the line and opening pressure and is dependent on the
number of discharge orifices, throttling condition and opening pressure of the injector.
Consequently, the line and opening pressures are not sufficient approximations of the
injection pressure and must not be used to predict spray properties. The simulations
showed the injected flow rate is higher for a three hole injector at high engine loads
and higher opening pressures, resulting in a more atomised and penetrating spray. The
common rail injector model agrees with the experimental results and both show the
injection pressure being about 90% of the rail pressure. The rail pressure is therefore
suitable for use in the penetration equations. A sensitivity analysis of the common rail
model showed that it could be used to diagnose injector problems because each varied
parameter changed the injected flow rate differently, allowing the source of the problem
to be easily identified.
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Chapter 1
Introduction
New political policies and shifts in consumer thinking that have stimulated research in
energy efficiency and emission reduction in engines. Some of the potential solutions
that can be used to improve engines are mentioned, but the injection process is
ultimately chosen as the topic of this research. The exact scope of this project is
discussed before an outline of the project is given.
1.1 Background
Amid fears of global warming, governments and consumers have put pressure on
vehicle manufacturers to reduce the emissions. In the United States, the Environmental
Protection Agency (EPA) introduced the Tier 1 to Tier 4 emission standards which
specify allowable engine emission levels for new non-road diesel engines [1, 2]. Each
‘Tier’ introduces more stringent allowable emission levels for vehicle producers to
adhere to. The Tier 1 standards were introduced in 1994, Tier 2 and Tier 3 in 1998,
while Tier 4 will only be phased in 2011. The European Union’s European Environment
Agency (EEA), has introduced similar legislation called Euro 1 to Euro 6 [3]. An
example of the Euro standards for compression ignition engines for passenger vehicles
is shown in Table 1.1 [4]. In Table 1.1 it can be seen that all the emissions are being
reduced with each new standard. Both the EPA and EEA’s standards provide unique
schedules and emissions levels for different types of vehicles, as well as the required
testing procedures that need to be performed when evaluating the emissions of engines.
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Additionally, consumers now demand more environmentally friendly vehicles as they
too become more environmentally conscious.
Table 1.1: Euro emission standards schedule for compression ignition passenger vehicles.
Tier Date CO HC HC+NOx NOx PM
Euro 1 1992.07 2.72 (3.16) - 0.97 (1.13) - 0.14 (0.18)
Euro 2, IDI 1996.01 1 - 0.7 - 0.08
Euro 2, DI 1996.01 1 - 0.9 - 0.1
Euro 3 2000.01 0.64 - 0.56 0.5 0.05
Euro 4 2005.01 0.5 - 0.3 0.25 0.03
Euro 5 2009.09 0.5 - 0.23 0.18 0.01
Euro 6 2014.09 0.5 - 0.17 0.08 0.01
Besides the obvious greenhouse gases, carbon monoxide and carbon dioxide, other
emissions such as NOx, particulate matter (PM) and unburned hydrocarbons must
also be reduced. The American and European standards aim to address all of these
emissions. Vehicle manufacturers have many options open to them in order to achieve
these new lower emission levels, but it all comes down to changing the vehicle design,
fuels and the combustion process.
1.1.1 Vehicle design
Changing the vehicles to reduce emissions can be done in a variety of ways. Firstly, the
size and weight of the vehicle can be reduced which will reduce the fuel consumption
and thereby, the emissions. Secondly, hybrid vehicles capable of storing and recovering
energy also reduce the amount of fossil fuels required and thereby reduce the overall
emissions. Caution must be taken when considering purely electric cars that appear
attractive due to their apparent zero emission levels, as they require electricity which
may still be produced by burning fossil fuels. Thus, the emission problem has not been
solved, merely moved away from the vehicle.
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1.1.2 Fuels
Different fuels with better combustion properties such as Dimethyl Ether (DME) or
biodiesel could aid in reducing emissions [5, 6]. DME has oxygen as part of its
chemical make-up [7], which aids in the combustion process, while the production
of Biodiesel offsets the carbon emissions produced in the engine by absorbing some
carbon while the plant material grows [8]. Interestingly, the first diesel engine demon-
strated by Rudolf Diesel used peanut oil and not a petroleum based diesel [6]. However,
due to some differences between the properties of diesel and biodiesel used today, some
modifications to a diesel engine need to be made before biodiesel can be a suitable
alternative fuel [6, 9].
Research is being carried out into converting existing diesel engines so that they are
capable of running other more efficient fuels such as DME or biodiesel. The cost and
availability of these alternate fuels is however another hindrance to this technology, but
this could change if the technology can be proven.
High quality diesel fuels containing less impurities such as sulphur and lead [10]
also reduce engine emissions because these impurities are no longer present in the
combustion process. Thus, it is necessary that fuel manufacturers produce higher
quality fuels and thereby contribute to lowering the emissions of vehicles.
1.1.3 Engine improvements
Initially when the Tier 3 standards were set, it was thought that exhaust gas recirculation
(EGR) would provide the primary means of reducing emissions [2]. Since then
however, it has been shown the EGR is only a part of the combustion process that needs
to be considered in reducing emissions. Technologies such as Caterpillar’s ACERT or
Volvo’s V-ACT systems also use multiple precision injections, air management and
after-treatment measures to reduce the emissions of their engines [11, 12].
One aspect of this combustion process is the injection of fuel into the chamber. The
emissions are highly dependent on injection because its sets up the air/fuel mixing
in the combustion chamber upon which combustion is reliant. The development of
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the common rail system has aided in reducing the emissions of newer diesel vehicles
by improving the spray structure, the air/fuel mixture in the combustion chamber and
quantity of fuel delivered during injection.
1.2 Project scope
This project focuses on studying the injection process of mechanical and common rail
injectors. The project developed from attempting to use existing spray penetration
equations to predict the spray structure for a mechanical injector, but finding this
difficult due to a lack of knowledge of the actual injection pressure. Thus a way of
predicting this pressure is required. This is done by modelling a mechanical injector,
extending it to model a common rail injector, and testing a common rail injector.
From these models and tests, insight into what injection pressure can be used for these
equations can be gained.
1.3 Project outline
A literature review is presented where the important characteristics in the spray struc-
ture can be identified and related to the injection conditions. The empirical equations
for estimating the spray characteristics are presented. A literature review of the different
injector models is then carried out. In this, the considerations of different authors as
well as the different methods are shown.
It will be shown that when the results of the penetration equations and previous
experimental results were compared, disagreement was found. Because the equations
are well established and accepted as being reasonably accurate, the only source of error
is in their application. Finding the source of this error and rectifying it, motivates the
need for modelling the injector and ultimately, the need for this research. With the
problems that this research attempts to solve, the objectives can be stated.
The mechanical injector is modelled first, as it is for this type of injector that the differ-
ences between the experimental results and the penetration equations were identified.
A common rail injection system will be tested and the results will be compared to the
4
1.3. PROJECT OUTLINE INTRODUCTION
simulated results of a common rail model that will be constructed.
Finally the conclusions from each of these tests can then be presented and recommen-
dations made.
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Chapter 2
Literature review
In this chapter, important spray characteristics and how they change according to the
varying injection conditions is discussed. These characteristics are important to the
combustion process and understanding how they vary is important in improving the
combustion in the engine and thereby reducing emissions. Following this, a review of
the literature pertaining to the modelling of an injector is presented.
2.1 Spray characteristics
In a direct injection engine, the injector delivers fuel into the combustion chamber in
such a way as to mix the fuel with the air in the chamber. This is achieved by injecting
the fuel so that it forms a spray when coming into contact with the air. How well the
spray has formed is defined by how well the air and fuel are mixed before they combust.
The fuel mixes with the air in three ways when it forms a spray, namely fuel atomisa-
tion, dispersion and penetration. None of the mechanisms work in isolation to improve
mixing, making it necessary to understand their interactions as well.
2.1.1 Atomisation
When fuel is injected into the combustion chamber, it leaves the nozzle as a stream or
jet of fuel due to large driving pressures. Because of this high pressure, the fuel leaves
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the nozzle at a high velocity and breaks down into smaller drops. This process is called
atomisation. Atomisation improves the air/fuel mixing by increasing the amount of fuel
surface area in contact with air. Furthermore, increasing the surface area promotes the
rapid evaporation of the fuel which promotes air/fuel mixing through vapour diffusion.
The injected fuel atomises into fine drops which, provided the conditions are correct,
can atomise again. This continues until the mechanisms that prevent this atomisation
dominate. Initially the drops form as spheres, but gradually they distort and form disks
due to the drag forces [13]. As the drop tends to a disk, the drag acting on it increases.
Surface tension of the fuel resists the breakup which needs to be overcome before
atomisation will occur. The theoretical minimum amount of energy required for
atomisation is the surface tension of the fuel multiplied by the liquid surface area of
the drop or jet [13]. This energy is provided by the drag forces acting on the drop as it
travels through the air.
During the evolution of the spray, the jet exiting the nozzle must first atomise. The
drops that form off the jet are then atomised further. The jet and drop breakup have
different atomisation mechanisms and must be described separately.
Jet breakup
When the fuel is traveling through the orifice of the injector, it cannot atomise because
the walls suppress any radial force arising due to turbulence in the jet [13]. When
the fuel leaves the orifice and the walls no longer support the jet, it is only the fuel’s
surface tension that maintains its shape. Because the fuel jet is now traveling through
air, it experiences drag forces dependent on the relative velocities between the jet and
the air. The jet breaks when the drag forces exceed the restoring forces of the surface
tension of the fuel [14]. Therefore, higher relative velocities between the jet and the air
will cause the jet to break up sooner and the spray to atomise better.
Jet breakup is described by the Plateau instability. It shows that the jet becomes unstable
when the perturbation wavelength caused by the drag forces exceeds the circumference
of the jet [14, 15]. These wavelengths are dependent on the fuel properties, initial
conditions of the jet and the relative velocities.
7
2.1. SPRAY CHARACTERISTICS LITERATURE REVIEW
Drop breakup
Like jet breakup, drop breakup is prevented by the surface tension of the fuel and is
caused by drag. For drops, the ratio of these two forces is taken into account in the
Weber number, which has been found to be useful for predicting when breakup will
occur [16]. The Weber number is constructed as follows [14, 16, 17]:
We = ρg
V 2rd
σ
(2.1)
where V is the relative velocity between the drop and the surrounding air, rd is the
drop radius, σ is the surface tension of the fuel and ρg is the density of the air.
It has been found that the critical value of the Weber number for breakup is about 10,
but this reduces when the flow is turbulent [14, 16]. Fuel viscosity acts to delay breakup
by damping the magnitude of the disturbances (the effect of fuel properties is discussed
more fully in Section 2.2.1).
Two breakup regimes have been identified as being important in diesel sprays. They
are bag and stripping breakup [18].
‘Bag’ breakup occurs when two fluids of different densities approach causing inter-
ference at the meeting plane. A surface wave develops, which upon exceeding a
critical value causes the drop to become unstable and break down further [14, 15].
The behaviour of the drop is well described by the Rayleigh-Taylor (RT) instability
[18]. The Rayleigh-Taylor model is used to describe inviscid flow. In applying this
theory to viscous fluids, it is understood that viscosity acts to dampen the destabilising
mechanisms [15], causing delayed atomisation. Bag breakup is said to occur when
We > 6 [18].
‘Stripping’ breakup is when a region of interference occurs where the heavy fluid is
‘stripped’ away from the bulk of the fluid [15]. This drop breakup regime is well
described by the Kelvin-Helmholtz (KH) instability. A property of Kelvin-Helmholtz
instability is that instability occurs no matter how small the difference in fluid relative
motions may be. The surface tension of the fluids acts to dampen the Kelvin-Helmholtz
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instability. Stripping breakup is said to occur when
Z =
We√
Re
> 0.5 (2.2)
which represents the internal viscosity to the interfacial surface tension forces [13]. Re
is the Reynolds number.
Although this knowledge of atomisation looks promising, its application in predicting
atomisation of a diesel spray is difficult. Any spray consists of many thousands of drops
that are all atomising, colliding, bouncing or joining. Additionally, it is seen above that
breakup is highly dependent on the relative velocities between the drops and the air.
Each drop however, is passing energy to the air, changing these relative velocities.
These velocity flow fields are difficult to measure non-intrusively and any models that
attempt to predict this and the resulting atomisation must make gross simplifications in
order to obtain a solution. The most important factor to understand about atomisation
is that it is improved by very large drop and jet velocities or any other external factors
that may cause destabilisation of the fuel.
Measuring atomisation
The size of drops throughout the spray indicates the systems efficacy to atomise the
spray. Drop sizes vary within a spray from about 5 µm to about 200 µm [17].
Drop sizes are estimated from spray photographs by measuring the drop diameter
and approximating the drop as sphere. Clearly this is impractical when analysing
many photographs as the amount of required measurements would be enormous. One
approach is to estimate the drop size distribution statistically. In industrial sprays, the
distribution shape is defined about the mean drop size with an exponential decrease for
other drop sizes [16].
Another method of describing the drop size distribution in the spray is to define a
fictitious spray of equal volume that has the same total drop surface area made up
entirely of drops of equal diameter [10]. This is called the Sauter Mean Diameter
(SMD) [10, 16, 17] and is calculated as follows:
DS =
6vorig
Aorig
=
6vfic
A1
(2.3)
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where v is the spray volume and A is the surface area of the spray. The subscript orig
represents the actual spray and fic is the fictitious spray.
Finer or more ‘misty’ sprays have smaller SMDs. The SMD has been accepted because
it takes into account area and volume which are considered important in the combustion
process [14].
Methods of calculating the SMD are given by Lichty [19], conversely Giffen and
Musaszew [14] state that no satisfactory formula has been presented that allows the
mean drop size to be calculated under any injection condition.
Another average diameter that is also used is the mean mass diameter where the average
diameter is based on the mass of the drops. This mean diameter is approximately 15-
25% larger than the Sauter mean diameter [13].
2.1.2 Spray penetration
Spray penetration is the perpendicular distance that the spray travels from the orifice
into the chamber [10, 17]. As with atomisation, penetration facilitates air/fuel mixing.
Under-penetration of the fuel causes under-utilisation of the available air while over-
penetration will cause spray impingement on the (normally) cooler chamber wall. In
both cases air/fuel mixing and evaporation is decreased. The spray penetration needs
to be such that as much air as possible is entrained into the spray without impinging on
the chamber wall before combustion has occurred.
Attempts at understanding penetration by analysing the breakup of a single drop
underestimate the penetration of a spray. This is because momentum is imparted to
the air by the leading drops, making the passage of later drops through the air easier,
allowing them to travel further [14].
Many empirical equations exist that predict spray penetration. These equations have
similarities in their form, providing information about how the spray penetration can
be changed. These equations will be discussed in the following sections.
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Two stage penetration equation
Hiroyasu provided the following equation for the penetration of a spray, S [10, 20];
S =

0.39
√(
2∆P
ρF
)
t t < tbreak
2.95
(
∆P
ρg
)1/4√
(Dot) t > tbreak
(2.4)
where
tbreak =
29ρFDo√
(ρg∆P )
. (2.5)
In the above equations, ∆P is the difference between the pressure within the injector
and the pressure in the combustion chamber, ρF is the density of the fuel and ρg is the
density of the chamber gas. The equation also shows the evolution of the penetration
with time, t.
Equation (2.4) shows two stages in the penetration of the spray separated by tbreak,
which is the jet break up time. The jet breakup time is the time required for the jet
exiting the nozzle to atomise into a spray.
Two phase model
Another empirical equation was derived by Sazhin et al. [18] for spray far away from
the nozzle using a two phase model:
S = 1.189
√(
1√
1− α
)(
cdDot
tan(θ)
)(
∆P
ρg
)1/4
×
[
1−
√
Do
4
√
Vin(1− α)1/4ρ˜g1/4
√
tan(θ)t
]
(2.6)
where the velocity Vin = cd
√
2∆P
ρF
and ρ˜g =
ρg
ρF
. Equation 2.6 takes into account the
discharge coefficient, cd, of the orifice, the cone angle of the spray, θ and the volume
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fraction of the spray in the air, α. In this model α is usually 1 [18]. In diesel engines
ρ˜g, the ratio of the gas density and liquid density lies typically between 10× 10−3 and
30×10−3 [10]. Sazhin et al. suggest ignoring the second part of Equation (2.6) to yield
Equation (2.7):
S = 1.189
√(
1√
1− α
)(
cdDot
tan(θ)
)(
∆P
ρg
)1/4
(2.7)
Equation (2.7) is derived using the conservation of momentum and incorporates the
gaseous fuel. The model assumes that as the drop distance from the nozzle increases,
the relative velocity between the drops and the gas decrease and that the spray cone
angle is sufficiently large that turbulent air entrainment can be ignored [18].
Sazhin et al. performed a comparison of their derived equations with two experimental
results and found good agreement. Equation (2.6) followed the trend of the data well,
but over estimated the penetration distance, whereas Equation (2.7) followed the data
accurately.
It can be seen in Equation (2.7) that the cone angle is required. In their evaluation
of their model, Sazhin et al. obtained it from experimental results, but it is possible
to estimate the cone angle using empirical equations [18]. Suh and Lee [20] showed
that the empirical equation by Sazhin et al. does not agree well at the early stages of
the spray development. It is suggested that transient conditions in the early stages of
the spray formation make measurement of the cone angle difficult which leads to these
inaccuracies.
Chamber temperature sensitive penetration
An equation provided by Dent [20] takes into account the effects of pressure on the
formation of the spray and used jet-mixing theory [13]:
S = 3.36
√
cd (Dot)
[(
∆P
ρg
)(
294
Tg
)]1/4
(2.8)
where Do is the diameter of the discharge orifice. This equation also takes into account
12
2.1. SPRAY CHARACTERISTICS LITERATURE REVIEW
the temperature of the chamber gas, Tg. It is found that Equation (2.8) overestimates
the penetration for injection pressures greater than 10 MPa.
A comparison between equations (2.4), (2.7) and (2.8) was carried out by Suh and Lee
[20] for diesel and DME. All the equations agreed adequately with the experimental
results for distances far from the nozzle i.e. at later time intervals.
Empirical equation similarities
Despite the different derivation of the penetration equations, it can be seen that equa-
tions (2.4) to (2.8) are dependent on the same injection parameters. For example: the
penetration is dependent on the fourth root of the injection pressure. This similarity
gives confidence in the accuracy of these models. Penetration is also dependent on
density of the fuel and the spray cone angle.
2.1.3 Drop dispersion
Drop dispersion describes how drops are dispersed from the central injection axis. In
a well dispersed spray, the drops are evenly distributed throughout a cross-section of
a spray volume [10]. Another definition of spray dispersion is the volume of liquid
to the volume of air contained within the spray volume [13]. Drop dispersion can be
described statistically by the Rosin-Rammler distribution. This distribution will not be
presented because it requires the mass fraction and average drop sizes which are very
difficult to measure in well atomised diesel sprays. Another property of the spray that
is more easily measured is the cone angle. This angle gives an indication of how widely
the drops are distributed.
Cone angle
The cone angle is the angle that the spray edge makes with the injection axis. Typically
it is measured at a point 60Do downstream of the nozzle exit [13], so that comparison
can be made between different injectors. A study by Yu and Bae [21] revealed
that measuring the cone angle for DME at 60Do is not appropriate due to the rapid
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evaporation of the fuel. In their study, the cone angle was then measured near the
nozzle. Consequently, where fuels with significantly different properties are concerned,
measuring the cone angle at 60Do may not be reasonable.
A large cone angle means that the spray is dispersing as it travels into the chamber and
not only penetrating forward. This means that the overall volume of air encompassed
by the fuel is larger which results in a better air/fuel mixture.
An empirical equation which allows the cone angle to be estimated is given by
Heywood [10]:
tan (θ) =
1
A
4pi
√(
ρg
ρF
)√
3
6
(2.9)
where ρF is the density of the fuel andA is a constant dependent on the model geometry
which can be calculated with the following empirical Equation [10]:
A = 3.0 + 0.28
(
lo
Do
)
. (2.10)
Thus, it can be seen that the cone angle θ is dependent on the length and diameter of the
orifice, lo andDo respectively. This dependence will be explained more fully in Section
2.2.3.
2.2 Parameters that affect spray
The properties that affect the spray structure can be divided into three groups. These are
fuel properties, injection properties and the ambient chamber gas properties. In each
section that follows, the spray structure will be discussed in terms of the atomisation,
penetration and cone angle.
It must be noted that changing some variables that affect the spray structure can alter
other variables simultaneously. For example: changing the fuel will vary density, bulk
modulus and viscosity. This makes studying a single parameter in isolation difficult,
even meaningless, in some cases [14, 22].
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2.2.1 The effect of fuel properties
It was discussed above that the minimum theoretical energy required to atomise a jet
or drop was determined by the surface tension multiplied by the area. Therefore, an
increase in the surface tension of the fuel results in a less atomised spray.
Viscosity of the fuel dampens out the effect of turbulence and any surface oscillations
that arise due to aerodynamic forces. Atomisation therefore tends to occur further
downstream, by which point the aerodynamic drag has slowed the jet down. The
relative velocities are then lower and so jet breakup is delayed and the spray that is
formed is not as well atomised [13, 14].
For an increase in both the surface tension and the viscosity, the overall atomisation
of the spray is reduced. The larger drops that result can penetrate further due to their
larger momentum and consequently a narrower cone angle forms [14]. A denser fuel
will also have more momentum, and therefore will penetrate further into the chamber,
and a decrease in the cone angle should also be expected.
2.2.2 The effect of the chamber gas
The combustion chamber gas density can be varied in three ways: by increasing the
chamber pressure, increasing the chamber temperature and by changing the gas. Inert
or incombustible gases such as nitrogen or argon could be used [14], but changing the
gas in this way is only useful in research and not in a real engine. The temperature of the
gas could be varied, but this often leads to additional evaporation of the fuel. Thus, the
most common method of varying the gas density is to increase the chamber pressure.
Varying the density in this way also results in only a small change in the viscosity as its
variation with pressure is small [14], meaning that the effect of the chamber gas density
can be studied in relative isolation of changes in viscosity.
The air density affects the resistance that the drop experiences as it travels through the
chamber. Thus, the drop experiences greater drag and atomises better [13]. Specifically,
an increase in density improves the fineness of the spray making it more ‘misty’.
Smaller drops occur, as they are more easily broken up. Even though the average drop
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size of the spray is smaller, the minimum drop size remains unchanged [13].
It is found that the penetration decreases for increasing chamber pressure [14]. In-
tuitively this makes sense as denser gaseous mediums offer greater resistance to the
passage of the spray. Consequently, the drag experienced by the droplets increases,
resulting in a more atomised spray with a larger cone angle [13, 14].
2.2.3 The effect of injector conditions
The injector conditions affect the initial conditions of the jet and therefore have a strong
influence on the rest of the spray development. The spray evolution is affected by the
injection pressure, turbulence and the orifice geometry.
Injection pressure
The injection pressure is the pressure over the nozzle orifice that drives the fuel into the
chamber. This pressure affects the initial velocity of the injected fuel. A simple relation
derived from the Bernoulli’s equation shows that the fluid velocity leaving the nozzle
is equal to:
v = cdA
√
2∆P
ρ
. (2.11)
An increase in the initial velocity will result in a larger pressure difference between
the drops and air. The drops will therefore experience greater drag forces and a more
atomised spray will develop.
The greater initial velocity also means that the fluid will have more initial momentum,
and will consequently be able to penetrate further into the domain. This is confirmed
when considering equations (2.4) to (2.8), where it can be seen that the penetration is
proportional to the pressure.
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Turbulence
The flow regime, be it laminar, transitional or turbulent, is indicated by the Reynolds
number [23] given by:
Re =
V Dn
υ
. (2.12)
Flow with Reynolds numbers larger than 2500 are considered to be turbulent. Turbu-
lence introduces radial forces into the jet that when unrestrained by a wall, overcome
the restoring effects of the surface tension allowing the jet to atomise. The greater the
degree of turbulence in the initial jet, the better atomised the overall spray and as a
result the cone angle of the spray increases, while the penetration decreases. It can be
seen that the Reynolds number is dependent on the flow stream velocity, which is in
turn affected by the pressure. Therefore, the injection pressure also plays a role in the
turbulence of the jet. A larger source of turbulence is any vibration that the system
suffers while operating [14], once again resulting in better atomisation of the fuel.
Orifice geometry
The orifice geometry is described as the ratio of the length of the orifice to its diameter.
Figure 2.1 shows a long and short orifice and how they affect the flow stream of the
fuel as it passes through.
If the diameter of the orifice is increased, then a more penetrating spray results. This
is because the volume delivered increases with D2o whereas the surface area of the jet
increases withDo [14]. Therefore, there is more mass and therefore more momentum in
the jet that allows it to penetrate into the chamber. Conversely, a less penetrating spray
results from a smaller orifice. In this situation, the atomisation is improved, resulting in
more droplets that experience more air resistance and therefore, also have a wider cone
angle.
The length of the orifice affects the degree of turbulence of the jet as it leaves the nozzle.
This can be seen in Figure 2.1, where a longer orifice has allowed the streamlines of
the flow to stabilise and become laminar.
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(a) Flow through a short orifice. (b) Flow through a long orifice.
Figure 2.1: The flow regimes for nozzles of different l/Do ratios.
A longer orifice tends to form a narrower, more penetrating spray for two reasons. The
turbulence is decreased by the longer orifice and therefore breakup does not occur as
readily. By decreasing this turbulence and therefore the radial force components in the
spray, the axial velocity dominates and the spray can penetrate further.
As the fuel is injected, it is constricted as is passes through the orifice. To account for
this reduced effective flow area, the discharge coefficient, cd is introduced [14, 23]. If
the discharge coefficient is unity then the flow area is the same as the orifice area, which
means the flow is unrestricted. A coefficient less than unity implies that a constriction
(or vena contracta) is present, as shown in Figure 2.1.
Short orifices (orifices with low l/Do ratios) do not allow for laminar flow to form
within the orifice [13, 14], resulting in a low discharge coefficient, high turbulence
and a less penetrating spray. As the l/Do ratio increases, so too does the discharge
coefficient. The penetration is largest when the discharge coefficient is closest to unity
which occurs when the l/Do ratio is between four and six [10, 14]. Further increases
in the l/Do ratio yield no improvement in the penetration of the spray [10].
Localised disturbances to the discharge coefficient can also be caused by cavitation.
Cavitation occurs when the pressure of the fluid drops below the vapour pressure and
causes localised pockets of boiling fluid with large pressure differentials [23]. Typically
this occurs on any sharp edges, where the flow needs to change abruptly. These bubbles
then expand or collapse and aid in the fluid breakup. Although this causes disturbances
18
2.3. MATHEMATICAL MODELLING OF INJECTORS LITERATURE REVIEW
in the fuel which aid in forming a well atomised spray, cavitation damages the injector.
Cavitation increases the cone angle of the spray by introducing disturbances to the
injection event [24].
2.3 Mathematical modelling of injectors
This section is a result of the inability to predict the pressure at the orifice which is
discussed more fully in Chapter 3. One method of attempting to predict this pressure is
through the modelling of an injector. A literature review of modelling mechanical and
common rail injectors is therefore conducted. It is expected that many of the approaches
used in the mechanical injector could be used with the common rail injector due to some
similarities that exist and so they are discussed here together.
The ability to accurately and rapidly model is advantageous because it provides insight
into the system without the need for expensive hardware. A sensitivity analysis to any
of its inputs is useful during the research or design stages of an injector [25].
2.3.1 Investigated model components
Both the mechanical and common rail injection systems comprise of many components.
The components presented below provide insight into what is important to take into
account in the model that will be constructed.
Pressure release valve
Rakopoulos and Hountalas [26] created a model to simulate the behaviour of a me-
chanical injector. The fluid component of the model was derived from the relationship
between the bulk modulus, pressure and volume, while the injector was modelled as
a mass spring system. Common rail system models based on similar equations to
Rakopoulos and Hountalas have been used by Seykens et al. [27]. The equations need
to be adapted to include the additional volume that controls the common rail injector
and the constant rail pressure.
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A simplified schematic of the mechanical injection system and its components that
was modelled by Rakopoulos and Hountalas is shown in Figure 2.2. In this setup, the
rotation of the cam causes translation of the piston which results in a pressure wave in
the line that opens the injector (a more detailed explanation of the mechanical injection
system will be included in Chapter 4).
The model by Rakopoulos and Hountalas took into account pipe flow friction, the cam
profile of the pump and the relief valve. Pipe friction acts to dampen out oscillations
caused by the spring and needle bounce. Including the cam profile of the pump means
that the inlet flow rates delivered to the injector are accurately accounted for.
Figure 2.2: The different components of the mechanical injection system used in the pressure
release valve model.
The model investigated the injector behaviour with and without a constant pressure
valve. The simulation results were compared with experimental results for the pressure
measured five millimetres before the injector as shown in Figure 2.2. Measurements
were taken at this point to be as close to the injector as possible and would therefore also
be close to the injection pressure at the orifice. It was found that the model predicted the
experimental results well and the pressure relief valve removed any secondary pressure
waves that were in the system before its implementation.
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Cavitation
Cavitation occurs when the fuel pressure drops below its vapour pressure and vaporises.
Although the injection pressures for both the mechanical and common rail injectors are
well above the vapour pressures of the fuel, a localised drop in pressure can occur
around sharp geometric changes. As the bubbles move into regions of higher pressure,
they collapse resulting in high pressure waves that emanate from that point [23]. The
collapsing bubbles can cause pressure waves, resulting in surface damage such a pitting
that may alter the injector’s behaviour. The bubbles can also restrict the flow through
the injector if they form in orifices, thereby lowering the discharge coefficients.
Cavitation is taken into account by determining when it occurs and adjusting the dis-
charge coefficient accordingly. Seykens et al. found large variation in the recommended
values of the discharge coefficients for an injector where it is known that cavitation
occurs. Seykens et al. evaluated the sensitivity of their model to the coefficient of
discharge by varying it between 0.7 and 0.75.
The results for the injected fuel were measured and compared to the simulation results,
but the deviation was less than 4% of the measured results. This shows that the
sensitivity to variation in the discharge coefficient does not greatly affect the results of
the model. Seykens et al. concluded that better knowledge of the discharge coefficient
would allow for more accurate modelling of injection.
Lee et al. [28] created a model that took the effects of cavitation into account. It is
claimed that attempts at modelling the injector can result in serious errors if cavitation
is ignored. This model uses CFD which breaks the system into cells and calculates the
injector behaviour by conservation of momentum and energy principles. The cavitation
is included by ascertaining whether it would occur, and altering the continuity equation
and the states of the cells to fit in with a two phase liquid-vapour model.
Modelling the injector in a CFD package allows cavitation and pressure waves to be
taken into account accurately. The drawback of modelling the injector with CFD is that
it requires precise knowledge of the injector geometry.
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Injection duration
Lee et al. investigated the injector behaviour under high and low loads, which in a
common rail model translates into longer and shorter injection durations. The need for
this investigation was justified by different needle lifts as short injections may not have
enough time to open the injector fully. This suggests that there is a maximum value to
which the needle can lift, and it is constrained by the interior geometry of the injector.
A non-rigid needle
The models discussed thus far used a rigid needle assumption, but this was abandoned
by Payri et al. [25] and Seykens et al. [27]. It is claimed that a rigid needle quickened the
opening response time of the injector in the simulation. Seykens et al. modelled long
injection durations over which time the slight increase in injection time makes little
difference to the fuel injected. For pilot injections, this time may become significant.
The injection flow rate however, was unaffected by taking into account the elasticity of
the needle and plunger of the injector.
Volumetric fuel properties
Seykens et al. [27] took into account the fuel density and bulk modulus as it varied with
pressure and temperature in the model. The effect in taking into account the variation
of these properties was not investigated.
Discharge coefficients
For all models, determining the state of the injector was necessary to determine a
discharge coefficient for the injector. An approach to finding the coefficient of discharge
of the injector was presented by Payri et al. [25]. The flow rate through a modified
injector was measured at steady state conditions where the pressure at the orifice would
be equal to the rail pressure. Using Bernoulli’s equation in conjunction with the mass
flow rate, a discharge coefficient could be calculated.
The assumption of this test is that the discharge coefficient for transient conditions
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would be the same as those in steady state. The injector is a highly transient system
with enormous momentum changes in both the needle and the fluid and the interaction
between these components. Thus, the steady state assumption is invalid.
Maximum needle lift
The model by Lee et al. limits the motion of the needle to 0.2 mm. This implies there
is a limitation on the maximum height that the needle can achieve. This is important
because it means that an extra boundary condition must be imposed on the model.
Excessive needle lift would result in no additional injected flow, thus this boundary
condition is justified. The main constriction that the flow experiences is due to the
discharge orifice. Extra needle lift would only delay the closing time of the injector due
to the extra distance that it would have to travel.
2.3.2 Volumetric fuel property variation
The variation of the bulk modulus and density with pressure for diesel and ISO 4113
test fluid is presented as it will be required in the model that is to be constructed. ISO
4113 is an accepted test fuel for injectors [29] and is the fuel that will be used for
tests on the common rail injector. Besides being useful for modelling the injector, the
properties of ISO 4113 are presented to show its similarity with diesel.
Bulk modulus
The properties for diesel are provided by Boehman et al. [30] for 0 MPa to 30 MPa
and up to 450 MPa by Rodriguez-Anton et al. [31]. The results of Boehman et al. and
Rodriguez-Anton et al. coincide well with each other, showing that the bulk modulus
is linear with pressure across the entire pressure range. The properties of ISO 4113 are
provided by Catania et al. [32]. The bulk modulus with pressure data obtained from
the work of Boehman et al., Rodriguez-Anton et al. and Catania et al. for the different
fuels has been combined and shown in Figure 2.3. A simple linear regression equation
was fitted to the data of the bulk modulus of ISO 4113 against pressure so that the data
could be used in the model in equation form. This equation is given as:
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Figure 2.3: Bulk modulus for ISO 4113 and diesel versus pressure.
β(P ) = 11.667P + 1.4× 109 (2.13)
where P and β are pressure in pascals. A comparison of the bulk modulus of diesel
and ISO 4113 shows that these properties are indeed similar. The bulk modulus of ISO
4113 is about 15% larger than that of diesel.
This equation is a best fit through the data with no physical meaning of the dependency
of the bulk modulus on any other parameters such as temperature. It is only presented
here because it will be used when modelling the injector, where the physical signifi-
cance is not required. Rodriguez-Anton et al. also provided the bulk modulus values at
three temperatures, 15◦C, 35◦C and 55◦C, and little variation in the value of the bulk
modulus was reported.
Density
The variation of density with pressure is also investigated by Rodriguez-Anton et al.
[31] and is expressed as a specific volume, the inverse of density. Figure 2.4 shows
the variation of density with pressure for diesel and ISO 4113 extracted from the work
Rodriguez-Anton et al. and Catania et al. respectively. It can be seen that as with the
bulk modulus, the density of these fuels is similar. The best fit equation for the density
of ISO 4113 is given by:
ρ = (7.61905e− 19× P 2 − 6.78571e− 10× P + 1.22167)−1 (2.14)
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where P is in pascals and ρ is in kg/m. Like the bulk modulus, this equation also has
no physical meaning, and is used later when modelling the injector.
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Figure 2.4: Density for ISO 4113 and diesel versus pressure.
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Chapter 3
Motivation and objectives
The motivation for this project is presented below and from this the objectives of the
research project can be developed.
3.1 Motivation
The motivation for the research is based off previous experimental results carried out
in the School. The exact details and discussion can be found in the report titled “Study
of fuel injection spray patterns” by Rice [33]. A brief summary of the work by Rice
is presented here, as well as the additional work that was done as part of this research
that made Rice’s work more quantitative in nature, and which forms the basis of the
motivation of this work.
3.1.1 Set up and results
Tests were done on a mechanical injector setup for both DME and diesel fuels by Rice
[33]. The injector was tested at various ranges of opening pressures, from 5 MPa to
22.5 MPa for DME and 10 MPa to 25 MPa for diesel. Tests were performed on three
orifice and four orifice injectors.
The results were in the form of digital images, captured using schlieren photography
which show the spray evolution with time. An example of the results is shown in
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(a) The image captured just prior to injection. (b) The image captured for a fully developed
spray.
Figure 3.1: Diesel spray images injected at 15 MPa opening pressure for a three orifice injector.
Figure 3.1 for a three orifice diesel injection with an injector opening pressure of 15
MPa. The images have a resolution of 320×300 pixels that translates into a resolution
of 0.3 mm per pixel. The camera captures images at 1000 frames per second. Due to
the injection angle and the container size, the maximum penetration for the three orifice
diesel injector is just over 60 mm.
In the Figure 3.1(b), two sprays are visible. The left spray is of interest only as the right
spray is not in the same plane as the page. The spray is seen to penetrate the volume as
a black shadow due the spray being denser than the air. It can be seen that the spray is
initially very dense (being very dark) close to the nozzle, but gradually approaches the
intensity of the background.
This series of tests allowed for the evaluation of the effect of nozzle geometry, injection
pressure and fuel properties on the spray structure. The fuel properties that are
important in this case are the bulk modulus and the density. Tests showed that the
vapour pressure was important with DME injections, which was shown to vaporise
very quickly which is similar to what Yu and Bae [21] observed.
Rice discussed these results and found that the experimental results agreed with the
theory. Penetration did indeed increase with pressure, but no measurements of the
spray penetration were taken. Other conclusions were drawn by Rice, but only the
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penetration is relevant here.
3.1.2 Processing of the results
It was attempted to obtain agreement between the penetration measured in the ex-
periment and the penetration equations presented in Section 2.1.2 to make the data
more quantitative in nature and to relate the work done back to penetration theory.
Difficulties arise in measuring the spray tip penetration because the boundary of the
spray is not well defined due to atomisation and evaporation. To solve this problem,
image processing code was written by the author to track the penetration of the spray.
This image processing code is presented in Appendix A.
The image as a matrix
The first step in processing the images is to understand how a computer treats an image.
All image files are broken down into a matrix of numbers, where each number in the
matrix represents a pixel in the total image. For a grey scale image, each number
represents a value between 0 and 1, where 0 represents black and 1 represents white.
Values in between 0 and 1 represent different intensities of grey. In Figure 3.2 there
are three differently coloured blocks, each one representing a pixel. Thus the image
represents a 3× 1 matrix. The first block is white, the second is 40% grey intensity and
the last block is black. The resulting matrix is
[1; 0.4; 0]. (3.1)
Figure 3.2: A three column by one row matrix.
As the spray enters the chamber, it casts a shadow. This is the shadow that can be seen
in Figure 3.1(b). An image with no spray still contains levels of grey due to noise, seen
in Figure 3.1(a).
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Part of the problem of measuring the spray penetration by hand is to determine where
the tip of the spray is located because the shadow of the spray lightens as the drops
become smaller and more dispersed. This is especially a problem when the background
of the image is noisy. Therefore the noise in the images must be removed first.
Noise removal
Noise is introduced by the camera which measures light intensity within a range, and
therefore images of the same subject can vary. Additionally, reflections, flaws or dust on
mirrors also introduce noise. Fortunately, most of the noise that is present in the images
is common throughout the sequence of photographs. To remove noise that is common
in a sequence, subtraction of a reference image will be used. A reference image is
a photograph of the system before the injector has injected and therefore contains no
spray. All parts of the image that are constant, such borders and the injector nozzle
would be removed and only the spray would remain. The results of the noise removal
can be seen in Figure 3.3. The images have also been rotated and cropped so that the
spray is vertical and the images are smaller. Figures 3.3(a) to 3.3(c) show different
stages of the spray evolution for 10 MPa opening pressure diesel injection with a three
orifice injector. The simple method of removing the noise can be seen in the images
to be very effective. Since the position of the injector and the axis of the spray to
be analysed are known, the program will not attempt to locate these and are instead
inputted into the program.
Penetration measurement method
Once the noise is removed, the next step is to track the penetration. In Figure 3.4
the injection axis is shown. The penetration is found by comparing the grey levels of
the image for each point along the injection axis to a reference level provided by the
reference image. For any point along the axis, if the intensity is different from that of
the reference image for the same point, then the spray has at least penetrated that far
and the next point should be compared. This continues for all points along the injection
axis until the intensities are approximately the same signifying that the spray has not
reached that point. Once this has occurred then the checks can stop.
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(a) (b) (c)
Figure 3.3: Images at 10 MPa opening pressure for a three orifice injector with diesel fuel.
Figure 3.4: Figure showing the injection axis of the spray along which the penetration is
measured.
A sample of the grey intensities along the injection axis for a 10 MPa, three orifice
injector is shown in Figure 3.5. This shows how the grey levels vary when the spray is
in the domain. All the images reach an intensity of 1 at the end of the injection axis.
This occurs because this is the edge of the visible area of the images.
3.1.3 Penetration results and discussion
Threshold values had to be set to account for any deviation that was still present in the
intensity measurements. For the jet breakup point, differences of 15% were used. The
spray tip was defined as where the level of grey after jet breakup approached 99% of
the reference value.
Figure 3.6 shows the penetration for the low pressure injections only. At higher
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Figure 3.5: The intensity versus pixels for spray penetration for a three orifice, 10 MPa injection.
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Figure 3.6: Penetration versus time from image processing for a three orifice diesel injector.
pressures, only one point could be obtained from the images before the spray had
penetrated past the visible area and no trends could be observed.
The empirical equations by Hiroyasu and Dent were compared to the experimental
results for a three orifice injector, where more than one data point was observed. For
the empirical equations, the injection pressure will be taken as the pressure at which the
injector opens. Figure 3.7 shows the result of these equations and the measured data
from the image processing for comparison.
It is seen here, that the penetration equations over predict the penetration. Similar
disagreement was shown between the four orifice penetration results and the empirical
equations. However, it should be mentioned, that the images and the penetration results
show the spray penetrating into the chamber more slowly when injected by a four orifice
injector as opposed to a three orifice injector. This difference in spray structure is
discussed more fully by Rice [33].
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Figure 3.7: Penetration versus time for 10 MPa opening pressure, three orifice diesel injector
and the predicted penetration using the equations by Hiroyasu and Dent.
The disagreement between the empirical equations and the experimental results is
unexpected as the equations have been shown to fit the data well in the literature
[10, 13, 20]. It is thought that the differences arise here because the pressure causing
the injector to open (the opening pressure) and not the pressure at the orifice is used in
the equations. The pressure at the orifice was not recorded during the experiment, but
is also very difficult to measure. The correct pressure could be estimated from a mass
flow rate, but as it was not recorded during the tests, this is not possible. It is anticipated
that a similar problem may occur in the common rail injector, making this an area of
interest as well, especially since this is the later technology. One way of predicting the
pressure and the mass flow rate for both the mechanical and common rail injectors, is
through modelling techniques.
3.2 Objectives
The objectives evolved out of the problems that were discovered in Section 3.1. It was
shown that with the mechanical injector, the actual injection pressure just before the
discharge orifice is different from the line pressure and opening pressure. This would
justify why discrepancies between the penetration equations with the experimental
results exist.
A method of predicting this injection pressure for mechanical injectors is therefore
required. From there, it would be a simple process to adapt the model to predict the
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injection pressure in a common rail injector. The objectives are thus to:
1. Model a mechanical injector and compare the simulated injection pressure to the
line and opening pressures.
2. Model a common rail injector to analyse how the injection pressure varies in the
common rail injection system.
3. Perform tests on a common rail injection system, to ascertain how the injection
pressure varies with time.
4. Validate the common rail model with the experimental results.
5. Perform an analysis on the common rail model to determine how sensitive it is to
its inputs.
6. Determine the injection pressure using the simulation results at the nozzle of the
injector and compare this to the rail and injection pressure determined from the
experimental results.
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Chapter 4
The mechanical injector model
The injection flow rates of a mechanical injector are highly dependent upon transient
fluid behaviour, making their prediction very difficult. Thus, the need for a model that
can predict the flow rate of an injector exists. Such a model must take into account the
needle and fluid dynamics. An estimate of the injected flow rate would be useful for
predicting the spray penetration either using empirical equations or CFD modelling.
The injector is a complex system whose operation is dependent on many parameters. To
accurately model the injector, a thorough understanding of the entire system is required.
Only then can an accurate model be constructed. A result of constructing a detailed
model is that the effect of different parameters on the injection can also be evaluated.
This chapter describes how the model was constructed and what inputs were used for
the model.
4.1 Model construction
This section details the approach used to construct a model for a mechanical injector.
Firstly the software used to solve the equations that governs the behaviour of the injec-
tor is presented. Following that, the operation of the injector can be explained, from
which point simplifying assumptions, governing equations and boundary conditions
can be developed. An example of how the Scicos program is constructed is shown in
Appendix C.
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4.1.1 Scicos
The model was constructed and solved in Scicos, a toolbox of Scilab which is an
open source program that can be used to solve mathematical problems in science and
engineering. Scilab is used for rapidly constructing models without the need of hard
coding mathematical functions like integration or data representation as all of these
tools are already included in the software. Thus, Scilab is very effective at quickly
inputting the equations that govern a model and solving them.
4.1.2 The injector system
Figure 4.1 shows the fuel circuit for the injection system from the tank to the injector.
This figure shows how the injector is placed relative to the pump and the tank. Only the
high pressure line and the injector will be modelled. This decision will be explained in
Section 4.2.
Figure 4.1: Simplified system circuit for the injector
The injector opens when the pump supplies sufficient fuel to raise the pressure and lift
the injector needle. The fuel is sprayed into the chamber, at a pressure that is dependent
on the opening pressure of the injector and the pressure supplied by the pump. The
control and actuation of this process with reference to the engine requirements will be
described below.
The timing of injection
In an engine, it is important that injection occurs at the correct time to ensure that the
engine can operate properly and smoothly [10]. The pressure signal that opens the
injector is created by the injector pump. The injector pump operates at half the engine
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speed to ensure that injection coincides with the expansion/combustion stroke. Only
injection is modelled and therfore only the pressure profile that opens the injector is
important, and not the time where injection begins and ends.
The pressure signal
In the system being modelled, each injector has its own pump. The signal is generated
by a piston in the pump that rests on a rotating cam. A pressure wave is produced that
is dependent on the cam profile and the piston speed [26]. The pressure wave can vary
according to the engine load so that more or less fuel can be delivered when necessary.
The fuel delivery system is designed to reduce secondary injections and cavitation.
Preventing secondary injections is achieved by allowing flow retraction by the injector
pump. Cavitation is reduced by allowing excess fuel to bleed off once it is delivered
[17, 26].
The injector opening pressure
The injector pump provides a rapid increase in pressure so that high injection rates and
good atomisation are achieved. It is therefore necessary to be able to set the injector
to remain closed while the pressure builds to the required critical opening pressure. A
typical opening pressure for mechanical injectors is 22.5 MPa. The opening pressure
of the injector is set by the initial compression of the spring that pushes down on the
injector needle. The injector opens due to a buildup of pressure on the needle faces
that cause opening upward forces that eventually overcome the initial downward spring
force. When the needle lifts, injection begins.
As the fuel discharges, it causes the pressure acting on the needle to decrease and
so the spring begins decompressing and the injector closes. Being a highly dynamic
system, the needle may oscillate before finally closing, causing oscillating pressures
and discharge flow rates. This oscillation is undesirable as it results in secondary
injections that are unpredictable. Pressure release valves attempt to remove these
secondary injections by releasing excess line pressure [26].
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The injected volume
The amount of fuel delivered under constant engine load and speed should be the same
for every injection. Additionally, the fuel line pressure should also be the same for every
injection so that the line pressure is at the same initial condition for each injection.
When the load on the engine changes however, the injection system compensates so
that the required power is still produced. This is achieved by a throttle which varies the
amount of fuel supplied to the injector pump according to the engine load.
4.1.3 Assumptions
These assumptions simplify the solution by eliminating complexities or assuming
values for unknowns that are difficult to ascertain experimentally.
1. The system is rigid and so deformation within the injector does not occur. Defor-
mation would cause increases to the internal volumes which would cause slight
reductions in pressure. This assumption applies specifically to the expansion and
contraction of the internal volumes, and does not apply to the deformation that
occurs when the needle impacts against any part of the injector.
2. Acceleration due to gravity is negligible in comparison to accelerations due to
any forces acting on the system.
3. Cavitation is ignored.
4. The discharge coefficients of the flow through changing areas are set at 0.6, which
is typical for flows through an orifice [23].
5. There is no leakage of fuel out of the system.
6. Variations in bulk modulus and density of the fuel with pressure are ignored. This
assumption is justified by the low range of pressures expected in the mechanical
injector (8 MPa - maximum 40 MPa).
7. The fuel temperature remains constant.
8. There is always enough fuel to fill all the volumes within the injector.
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9. There is no reverse flow within the system.
4.1.4 Governing equations
The system is broken down into a fluid and needle component. Each component is
defined by its own set of equations.
Fluid equations
Figure 4.2: The mechanical injector
To begin with, the fuel volume within the injector is divided into smaller volumes.
These volumes can be seen in Figure 4.2, labeled as v1 and v2. Volume v1 represents
the line volume and the volume within the injector up to the sac volume v2. A
pressure difference between two volumes causes flow between them that occurs until
the pressures equalise. In the injection system disturbances to the pressure are provided
by the pump.
Figure 4.3 shows a simplified system that illustrates how the flow rates and pressures are
defined. Here two volumes exist, volume A and volume B, each with its own unique
pressure, PA and PB respectively. If PA is larger than PB then the flow occurs from
volume A to volume B. Thus, there is a flow rate QA,B. The constriction has its own
discharge coefficient based on its geometry and flow conditions.
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Figure 4.3: Two volumes separated by a constriction.
The subscript convention used henceforth will be the same as the convention used
above, thus for the flow rate, the subscript A,B denotes the direction of the flow, from
volume A to volume B. The area of the constriction is designated in a similar manner,
as aA,B.
The equation governing the fluid motion within the volumes can be found from the
definition of the bulk modulus β of a fluid [23] and is similar to the model used by
Rakopoulos and Hountalas [26]:
β = − ∂P
∂v/v
. (4.1)
Writing Equation (4.1) in terms of pressure, P , and differentiating with respect to time
yields (4.2):
dP
dt
=
β
v
(
dv
dt
)
. (4.2)
Equation (4.2) assumes that P varies only with time. This assumption is reasonable as
the pressure disturbance provided by the pump is a function of time only. The needle
motion, which also affects the pressure, is a function of the needle displacement, which
will be shown in Section 4.1.4 also to be a function of time. Thus, normal differentiation
can be used.
The term dv/dt represents the rate of change of volume v. This change of volume is
made up of two components: the flow rate into and out of the volume. A change in size
of the volume can be included as one of these two components as well, but must also
be included in v. Expanding the dv/dt term and including the change of volumes:
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dP
dt
=
β
v −∆v
(
Qin + ∆˙v −Qout
)
.
The ∆v term results from a volume changing size due to motion of one of its walls.
Figure 4.4 shows a volume defined by the points ABDC with a unit depth. The wall
AB can move, changing the size of the initial volume v. In Figure 4.4(b) the wall
decreases the initial volume by ∆v to leave v −∆v.
Similarly, the ∆˙v term is the rate at which the initial volume changes. This can be
thought of as an artificial flow rate into or out of the volume. This flow rate is dependent
on the velocity of the wall and the wall area.
(a) Initial volume. (b) Final volume.
Figure 4.4: A schematic showing a volume changing size due to the motion of one (or more)
walls.
In the injector, the needle acts as the moving wall in some of the internal volumes,
causing artificial flow rates that are dependent on its motion. Thus, ∆v can be
represented as the area A of the needle multiplied by its displacement x. Similarly,
∆˙v is the rate at which the volume changes due to the needle motion and can be written
as the needle area multiplied by its velocity x˙. Thus:
dP
dt
=
β
v − ANx (Qin + AN x˙−Qout) . (4.3)
Equation (4.3) describes the variation of pressure with time in the volume based on the
bulk modulus, the size of the volume and the flow rate into and out of the volume. Thus,
the fluid behaviour is adequately described to be able to predict the flow rate between
two volumes.
Because the injector is divided into multiple volumes and the needle has step changes in
40
4.1. MODEL CONSTRUCTION THE MECHANICAL INJECTOR MODEL
its diameter along its length, Equation (4.2) needs to be written for each volume using
only the area of the needle that enters that volume. The different volumes are shown in
Figure 4.2 while the different diameters and areas of the needle are discussed in greater
detail in Section 4.2.3. Thus:
dP1
dt
=
β
v1 − A1,2x [Qin(t) + A1,2x˙−Q1,2(t)]
dP2
dt
=
β
v2 − A2x [Q1,2(t) + A2x˙−Q2,a(t)] .
(4.4)
The subscripts of area A are defined as follows. For two arbitrary areas Aa and Ab, area
Aa,b is the difference between Aa and Ab. The pressures are named after the volumes
in which they occur. So a pressure Pi occurs in volume i. Therefore, pressure P1, is the
pressure in the line from the pump to the injector. Given that this distance is short, the
effects of friction can be ignored. A similar approach and assumptions were adopted
by Lino et al. [34] for a common rail injector model. The flow rate out of the volume
is calculated from the pressure difference across the outlet to the next volume. This is
shown in Equation (4.5).
Q1,2(t) = cda1,2(x)
√
2(P1 − P2)
ρf
Q2,a(t) = cda2,a
√
2(P2 − Pa)
ρf
.
(4.5)
The area a1,s(x) is created by the needle lifting and is therefore dependent on the needle
displacement x, which is a function of time. This displacement allows the fuel to flow
from volume 1 into the volume 2. Two solutions exist for this area, because the area
only opens for negative displacements of xwhere x is positive downward. The equation
to calculate this area is:
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a2,a(x) =

√
2pi

(
4r4 − x
2
)2
2
− r44r4 − x
2
 (x < 0)
0 (x ≥ 0)
(4.6)
where r4 is the radius of the sac of the injector shown in Figure 4.10 and Figure B.1
where Equation 4.6 has been derived. The area a2,a is the total area of the orifices
through which the fuel is injected into the chamber and thus is independent of time or
needle lift.
A drawback of this model is that the system responds to a change in pressure in a
volume immediately, whereas as there should be a delay as this pressure signal travels
through the volumes. The flow rates that are predicted are still correct, even though
they are predicted to occur sooner than they would in reality. These equations therefore
assume that the pressure disturbances travel throughout the system immediately, or that
the speed of sound in the fluid is infinite.
Needle dynamics
Needle motion arises due to the fluid pressure on the shoulders of the needle. These
forces, when large enough, cause the needle to lift and the injection to start. The
equation of motion of the needle is derived from Figure 4.5 using simple balancing
of forces and can be seen in Equation (4.7).
x¨ =
1
m
(P1A1,2 + P2A2,3 − PaA0 + F − c1x˙+ k1x) (4.7)
where x¨ is the second derivative of the needle displacement x with respect to time
(i.e. acceleration), k1 is the spring constant, Pi is the pressure in volume i acting on
the needle area A that is in that volume. F is a force that has two possible solutions
depending on the position of the needle.
The force F varies because while x is positive, the needle experiences a reaction force
from the injector whereas when x is negative the needle experiences a force from the
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Figure 4.5: Free body diagram of the all forces acting on the needle.
fluid as it discharges out of the injector. The two solutions for F are given in (4.8).
F =

k2x+ c2x˙ (x > 0)
P2 + Pa
2
A3 (x ≤ 0).
(4.8)
The force that acts when the needle has lifted represents the average pressure that
acts on the needle. The tip of the needle is open to the chamber pressure, whereas
the pressure P2 acts at the corner of the shoulder. This tip however, is so small that
the magnitude of this force is inconsequential. This average pressure is just a simple
approximation of what may occur between these two points.
When the needle is in contact with the injector, it experience contact force due to the
elasticity and possible damping of the material or friction. The constant k2 represents
the elasticity of the injector material as it deforms and c2 represents the losses associated
with deformation and friction. The values of k2 and c2 are chosen empirically so that the
results fit the available engine test data, but remain fixed for the remaining simulations.
How these constant are chosen is described in more detail in Section 4.2.6.
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4.1.5 Boundary conditions
The boundary conditions are limitations within which the system operates. Two
boundary conditions exist that restrict the needle motion. They are:
1. The maximum compression of the spring is 2.5 mm, after which the spring
compresses like a solid bar and the spring constant is significantly larger. This
value is obtained by estimating the distance between the coils of the spring.
2. Extension of the spring is restricted by the needle interacting with the injector
tip.
4.2 Model inputs
This section defines the inputs that are required for the model. The accuracy of the
model is obviously dependent upon the accuracy of the inputs.
4.2.1 Inlet flow rate
The most important input into the system is the flow rate into the line volume as this
causes the pressure rise that actuates the injector. The best way to model the injector
would be to also model the pump system and thereby calculate the inlet flow rate. This
was used by Rakopoulos and Hountalas [26] in their model of a mechanical injector.
However, without detailed knowledge of the pump available, an alternative method
needs to be found.
Engine test data for the line pressure and needle lift during injection are available. From
the pressure data, the inlet flow rate can be calculated. This process will be detailed
below.
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Engine test data
The line pressure versus time for a low (25 Nm) and medium load (45 Nm) test are
shown in Figure 4.6. This data was extracted from the Masters dissertation submitted
by Lopes [35]. The figure shows a sudden pressure rise at about 10.5 ms which is caused
by the injector pump and opens the injector. At about 11.5 ms there is a decrease in
the pressure gradient, which indicates that the injector opened and that fuel is being
injected. The pump continues to supply fuel until the line pressure peaks at about
12.5 ms. Injection continues until the pressure in the injector no longer overcomes the
closing spring force. After the main pressure wave at about 14 ms, there are many
smaller waves that are a result of the water hammer caused by the needle as it closes
suddenly to terminate injection and not by smaller, secondary injections.
Because the line pressures in Figure 4.6 are only appropriate to a 22.5 MPa opening
pressure injection, they cannot be used as the pressure rise provided by the pump for
any other opening pressure. This is because the line pressure is dependent on the
downstream conditions of the fluid flow which in turn is dependent on the opening
pressure.
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Figure 4.6: Line pressure versus time for engine tests at low and medium load.
A model can be constructed to simulate the injection for the engine test conditions.
Instead of using an inlet flow rate into volume 1, the line pressure from the engine test
(shown in Figure 4.6) can be used as an input to the model. By doing this, the flow
rate out of v1 is now known and is shown in Figure 4.7. This figure shows the fuel flow
rate from the line into the injector for a low and high engine load. It can be seen in the
figure that the high engine load flow rate proceeds for longer because more fuel needs
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to be injected. For the duration where both the low and high load cases supply fuel to
the injector, both flow rates are similar. This implies that the flow rate provided by the
pump during this time is similar and independent of the throttling of the engine. Using
the flow rates in Figure 4.7 and
dP1
dt
=
β
v1 − A1,2x [Qin(t) + A1,2x˙−Q1,2(t)] ,
from Equation (4.4), the only unknown Qin, representing the flow rate provided by
the pump, can be solved for. The resulting flow rates provided by the pump for both
loading conditions are shown in Figure 4.8.
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Figure 4.7: Flow rate from the line to the injector versus time for the engine tests simulations.
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Figure 4.8: The flow rate provided by the pump into the line versus time as calculated from the
engine simulation.
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Simulated inlet flow rate provided by the pump
Figure 4.8 shows the inlet flow appearing to be quite random due to the sensitivity
of the solution to dP/dt. Positive values indicate that the pump is supplying fuel.
Between 10 ms and 12.5 ms, where the pump is supplying fuel, the flow rate for both
loads is similar. Then, the pump stops supplying fuel for the low load condition. The
medium load also briefly stops receiving fuel, but then has a second peak causes an
additional peak pressure in the main delivery that occurs at 12.5 ms in Figure 4.6. This
additional peak is important as it causes the additional pressure rise seen in figure 4.7,
and therefore must also be considered.
These flow rate profiles imply that the rate at which fuel is delivered by the pump is
similar in magnitude but differs in duration for each throttling condition. The pump
supplies fuel for a longer duration for the medium load condition than for the low load,
as expected. The pump varies only the amount of fuel that is delivered by varying the
throttle. If the engine speed remains constant however, then the rate at which this fuel
is delivered must also remain constant. Thus, the flow rate provided by the pump is
essentially a square wave.
After this delivery period, the inlet flow rate becomes negative. This indicates that the
flow leaves the line or the inlet flow has now become an outlet flow. Although this
seems unreasonable, this feature may indeed occur. Reverse flow could act to dampen
out secondary injections in the system [36]. Also, the pump, being a piston pump, may
draw fluid back when the piston is not pumping. It is reasonable that some fuel may not
be injected even though it is pumped to a high pressure so that the fuel that is injected,
does so at a much higher pressure.
Following this reverse flow phase, there are fluctuations in the inlet flow rate. These
flow rates occur to accommodate the pressure fluctuations that arise due to a water
hammer effect from the injection event. Although the pressure fluctuations that occur
are large in magnitude in comparison to the original supplied fuel pressure, they should
be ignored as they occur after the pump has already drawn fuel back in, which means
it has already stopped pumping.
This approach for determining the pump flow rate assumes that a pressure wave that is
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experienced at some point in the line, is the same as the pressure wave that the injector
will experience at some point later in time.
The supplied flow rate used for in the model
For the model, a square wave with a magnitude of 15 mm3/ms will be used to represent
the flow rate supplied by the pump as it simplifies the input. The magnitude of the low
and medium load conditions will be equal, but the durations for each, will be 2 ms and
2.5 ms respectively as was observed above. In the engine test, the pump consisted of a
drop cam and piston arrangement. In this case, it is reasonable to expect the pumping
cycle to be a square wave, justifying the decision to use a square wave in the model.
Reverse flow will not be included because it is dependent on how much fuel is injected
which is unknown. The flow rate supplied by the pump that will be used in the model
is shown in Figure 4.9.
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Figure 4.9: Flow rate versus time provided the pump used in the simulations for both low and
medium load.
The time where the pump is delivering fuel has also been changed from what was
represented in Figure 4.8. This decision has been taken to shorten the solution time and
will have no affect on the nature of the solution that will be obtained.
4.2.2 The line and chamber pressure
In Figure 4.6, the line pressure is non zero at the start of injection. This value is called
the residual line pressure and is the pressure to which it stabilises to after the preceding
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injection. This residual pressure needs to be included in the model as an initial value
for the line pressure and in Figure 4.6 this value is 12 MPa. A problem arises however,
where one of the proposed simulations has an opening pressure of 10 MPa since the
injector would always be open and would not open only for the pressure signal provided
by the pump. Thus, a lower residual line pressure of 8 MPa has been used instead.
The model has to account for different combustion chamber pressures. The engine
test simulations in Section 4.2.1 used a combustion chamber pressure of 4 MPa,
whereas atmospheric pressure is used when attempting to replicate the results of Rice
[33]. Regardless of this difference, the engine test data may still be used because the
downstream chamber pressure is seperated from the line by the needle and therefore
has no influence on the amount of fuel supplied by the pump during injection. In the
model, a chamber pressure of 0.1 MPa is used so that the model is solved with respect
to the results of Rice.
4.2.3 Volumes and areas
The internal volumes and areas of the injector are difficult to measure and detailed
drawings of the injector are not available. Some measurements could be taken from a
cut-away of an injector, and the internal volumes and areas are based off these values.
The values used for the line and sac volume are shown in Table 4.1. The location of
these volumes within the injector can be seen in Figure 4.2. The needle areas could be
measured more accurately. The different radii are defined in Figure 4.10, their values
and the corresponding areas are shown in Table 4.2.
Table 4.1: List of control volumes for the injector tested.
Region Volume [mm3]
1 235.6
2 1.8
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Figure 4.10: Cross-section indicating the different radii upon which pressure acts.
Table 4.2: List of radii and corresponding areas for the injector tested.
Region Radius [mm] Area [mm2]
r0 5.00 78.54
r1 2.00 12.56
r2 1.50 7.07
r3 1.00 3.14
r4 0.75 N/A
4.2.4 Bulk modulus and density
The bulk modulus is a measure of the compressibility of a fluid. In the model, a
constant bulk modulus of 1.4 GPa and density of 825 kg/m3 are used for diesel, which
is reasonable considering the expected range of pressure shown in Figure 2.3 and 2.4.
4.2.5 The spring constant
The spring constant was obtained experimentally using the Lloyd MX100K, which is
capable of loading the spring in compression and measuring the change in length. Using
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Hooke’s law, the spring constant was calculated as 0.11 kN/mm.
4.2.6 The selection of empirical constants
Two constants, k2 and c2 were introduced into Equation (4.8). These constants represent
the deformation of the injector and the damping respectively. The deformation constant
behaves like a spring constant. It arises when the needle interacts with the injector,
causing a contact force to act. The damping constant arises due to losses in the system
such as friction as the needle moves.
These values are difficult to measure and assign, but play an important role in the
behaviour of the injector. The values chosen for k2 and c2 need to be weighed up against
each other. A value of k2 that is too large, results in rapid deceleration and nullifies the
effect of the damper. A value that is too low, results in unrealistic deformation of the
needle and injector. A value of c2 that is too large also dampens out low amplitude
phenomena which may be of interest. Thus, ideally the damping coefficient should be
as small as possible, while still dissipating energy adequately.
Because these constants are difficult to measure, they have to be selected empirically
to match known engine test results. Thus, the values are chosen so that they give the
correct needle lift for the engine test simulations. Obtaining similar traces for the model
and test data would suggest a degree of accuracy. Once the constants are chosen for the
engine tests, they are left unchanged for all the other simulations conducted.
Another solution that is similar to damping and used by Kiijarvi [36], is to make the
needle velocity after an impact with the injector body a fraction of the velocity before
impact, but in the opposite direction. Thus, the kinetic energy of the needle is reduced
and the direction of the needle’s motion is changed and the motion will eventually
dampen out. This method would still require a value for k2 to be chosen. Both methods
have the same affect on the system.
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4.2.7 The initial opening pressure
The initial opening pressure is the pressure in the line that will cause the injector to open
and inject. It must be noted that the opening pressure of the injector is not necessarily
the peak pressure of the injector. In the engine tests, the opening pressure is set to 22.5
MPa.
Physically, this pressure is set by adjusting the spring force that maintains the injector
in a closed position by varying the spring’s initial compression. The pressure in the line
that overcomes this spring force is the opening pressure of the injector. This force is
varied by altering the initial spring compression.
In the model, the initial opening pressure is chosen by setting the closing spring force.
This force can be calculated by taking a force balance on the needle and considering
the instant that the needle is just about to move. At this point in time, the spring force
will balance the pressure forces on the needle. The spring force can then be calculated
from Equation (4.9).
Fspring = k1x = P1A13 + P2A3 − PaA0. (4.9)
For each injector opening pressure that will be simulated, a different spring force is
required. These forces are shown in Table 4.3.
Table 4.3: Injector opening pressure and corresponding spring force.
Pressure [MPa] Initial force [N]
10 79.5
15 126.6
20 173.7
25 220.9
4.3 Proposed simulations
The following inputs into the model will be varied and their change will be simulated:
• the injector opening pressure,
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• the number of injector discharge orifices, and
• the amount of fuel delivered by the pump.
The above will be investigated in terms of how they affect the injected flow rate. The
flow rate is chosen for investigation because it has a direct relation to exit velocity and
therefore the spray evolution within the combustion chamber. The simulations will also
indicate how different the sac pressure is from the line pressure. This was a problem
that was encountered in Chapter 3 and resulted in the spray penetration being over
predicted.
The injection system will be simulated for a three and four hole injector. The throttling
conditions will be modelled as described in Section 4.2.1. The average flow rate will
be 15 mm3/s. The low load and medium load conditions will have durations of 2 ms
and 2.5 ms respectively. These values are based on the results shown in Figure 4.9.
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The mechanical injector simulations
The injector was simulated for a three and four orifice nozzle at low and medium engine
conditions and opening pressures of 10 MPa, 15 MPa 20 MPa and 25 MPa. The results
from the simulations are discussed below. The reverse flow on the model is discussed
first as it affects how the results can be interpreted. Following that, the results for the
system pressures, injected flow rate and needle lift are discussed. A sample of the data
obtained from the Scilab model has been presented in Appendix E.
5.1 The effect of reverse flow
The simulated inlet flow rate from the pump is only an approximation of the actual
supply and excludes all reverse flow. Consequently, the simulation will produce
different results to those of an experiment. Understanding how this reverse flow in
the pump would alter the simulation allows for meaningful conclusions to be obtained.
Figure 4.8 shows how the calculated flow rate into the line from the pump varies. The
figure shows reverse flow when the flow rate is less than zero. If this is not taken into
account, then the injector will behave differently because excess pressure remains in
the system. This reverse flow was excluded from the model as it could not be predicted,
thus the simplified flow rate profile shown in Figure 4.9 was used.
The absence of reverse flow in the model decreases the rate of injector shut off. This is
because the pressure that lifts the needle remains higher for longer thereby maintaining
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the injection. More fuel is therefore delivered and the residual pressure in the line is
lower after injection.
The simulations are all carried out with the same assumption that no reverse flow occurs
and will consequently show results that are meaningful relative to each other. Because
the behaviour of the injector is accurately captured in the model, the response of the
injector to different test conditions will show the same trends as in any experiment.
These valid trends and commonality between the simulations therefore mean that the
objectives of the investigation can be met.
5.2 Pressure
The pressure features are discussed with special reference to the type of spray that
would evolve. The line and opening pressures are compared to the sac pressure to see
which gives a better approximation of the injection pressure.
Line pressure
Figures 5.1 to 5.4 show the line pressure P1, for low and medium load conditions at the
opening pressures shown. The figures show that the pressures tend to different values
after injection for each opening pressure. Because there is no reverse flow in the model,
it is likely that these residual pressures shown do not represent what would occur in the
respective engine tests. This is important when considering the flow rate and pressure
plots.
For the same loading conditions, number of orifices or opening pressures, it can be seen
that the line pressure is affected in three ways. These are the duration of injection, the
peak line pressure and the final pressure that the line pressure tends towards.
The duration of injection can be seen in the pressure plot by noting the time when
injection starts and ends. The start of injection is when the line pressure reaches the
opening pressure of the injector. As the injector opens, the gradient of the pressure
decreases because fuel is being injected and the pressure in the line cannot increase as
rapidly as before.
55
5.2. PRESSURE THE MECHANICAL INJECTOR SIMULATIONS
 0
 5
 10
 15
 20
 25
 30
 0  2  4  6  8  10
L
in
e 
p
re
ss
u
re
 [
M
P
a]
Time [ms]
10 MPa
15 MPa
20 MPa
25 MPa
Figure 5.1: Line pressure versus time for the three orifice injector simulations at low engine
load conditions.
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Figure 5.2: Line pressure versus time for the three orifice injector simulations at medium engine
load conditions.
The end of injection is when the line pressure becomes constant. At this point, the
pump is no longer supplying fuel to the line and injection has stopped. The point where
injection stops and therefore the duration of the event, is affected by the needle motion
which will be discussed in Section 5.4.
Now that the duration of injection has been defined in Figures 5.1 to 5.4, the effect of the
engine load, opening pressure and number of orifices can be discussed. A comparison
of the different loading conditions shows that the duration of the injection is longer for
medium load throttling conditions, which is expected since the pump supplies fuel for
a longer duration.
A comparison of Figures 5.1 and 5.3 for low throttling conditions and Figures 5.2 and
5.4 for medium throttling conditions show shorter injections for four orifice injectors
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Figure 5.3: Line pressure versus time for the four orifice injector simulations at low engine load
conditions.
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Figure 5.4: Line pressure versus time for the four orifice injector simulations at medium engine
load conditions.
for both loads. The four orifice injector offers less restriction to the flow, so the fuel
is injected into the chamber quicker. It will be shown below that this does not imply
that the initial injected velocity of the jet into the chamber is higher, so the spray is not
necessarily better atomised.
Simulations with high opening pressures also have high peak line pressures because
the pressure is allowed to build more before injection can begin. High line pressures
are desirable because the overall pressure in the system is higher, resulting in faster
needle responses, higher mass flow rates and therefore a more atomised, dispersed and
penetrating spray.
Figures 5.1 to 5.4 suggest that the final line pressure after injection would be different
for every opening pressure of the injector. This value however, is also affected by any
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reverse flow that would occur in the system. Thus, the line pressures after injection
shown in Figures 5.1 to 5.4 do not represent what would occur in an engine.
Because the line pressures have different final values to the initial 8 MPa set in the
model, the amount of fuel delivered in each simulation cannot be compared. Some fuel
is ‘stored’ in the line under pressure, so for example: the 10 MPa opening pressure has
final pressure lower than 8 MPa. Thus, fuel that was stored in the line before injection
has also been injected in addition to the fuel supplied by the pump.
The duration of the injection, peak and the final line pressure after injection all affect the
volume and rate of fuel delivered. Thus, these parameters are all important in predicting
the quality of spray that will form during injection.
The line pressure is measured far from the orifice. A better indication of what occurs
during injection is to analyse the sac pressure. The line pressure is still used for
comparison because it can be easily measured and therefore is useful to compare to the
experimental results. From the comparison of the line pressure and the sac pressure,
the difference between them can be better understood.
Line and sac pressure
Figures 5.5 to 5.8 show the line and sac pressures for a three orifice injector at an
opening pressure of 10 MPa and 25 MPa at low and medium engine load conditions.
The 15 MPa and 20 MPa opening pressures and the four orifice injector results show
no extra information and therefore have not been presented.
The most noticeable differences are that the line pressure is always larger than the
sac pressure for a particular opening pressure. Consequently, the line pressure cannot
be used to approximate the sac pressure in an attempt to predict the penetration for a
mechanical injector. A comparison of engine loading cases for the different injectors
shows that the difference between the line and sac pressures is also dependent on these
parameters. Thus, there is no simple relationship that can be given that would predict
this difference.
The sac pressure is important to the spray that develops as it influences the exit velocity
of the fuel. So far, only the sac pressure has been shown to be a function of time. For
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Figure 5.5: Line and sac pressure for three orifice injector, low engine load and 10 MPa opening
pressure.
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Figure 5.6: Line and sac pressure for three orifice injector, low engine load and 25 MPa opening
pressure.
the penetration equations, an average injection pressure is more useful. This average
sac pressure is shown in Figure 5.9.
Average sac pressure
The average sac pressure was calculated for the duration of injection and not over
the whole duration simulated. The results of this can be seen in Figure 5.9. The
figure shows that the low and medium load average sac pressures are similar for their
respective nozzles. The three orifice nozzle average pressures are higher than the four
orifice nozzle. The reasons for this have been discussed above.
For both the three and four orifice nozzles, the average pressures are significantly lower
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Figure 5.7: Line and sac pressure for three orifice, medium engine load and 10 MPa opening
pressure.
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Figure 5.8: Line and sac pressure for three orifice, medium engine load and 25 MPa opening
pressure.
than the opening pressures. The three orifice nozzle has an average sac pressure of 6
MPa at an opening pressure of 10 MPa and 11.8 MPa at 25 MPa opening pressure. The
four orifice has an average sac pressure of 4 MPa and 8.5 MPa for an opening pressure
of 10 MPa and 25 MPa respectively. The injection pressure therefore lies between 30%
and 60% of the opening pressure, depending on the test condition. Therefore increasing
the amount of nozzle orifices has a negative impact on atomisation, dispersion and
penetration.
Figure 5.9 shows that the average pressure is therefore affected strongly by both the
opening pressure and number of orifices. The average pressures are very different to
the opening pressures and therefore the opening pressure is completely unsuitable as an
approximation of the sac pressure and should not be used in the penetration equations.
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Figure 5.9: The average sac pressure versus the opening pressure for different engine loads and
number of nozzle orifices.
Furthermore, the figure shows that the average pressure is significantly lower than the
opening pressure of the injector, and this may explain why there was over-prediction of
the penetration in Figure 3.7.
The question therefore arises that if the spray properties are degraded by increasing
the number of orifices in the injector, then why is it done? It must be remembered
that an engine requires a certain amount of fuel to be delivered to output the required
power. The amount of fuel that is delivered is dependent on the number of orifices on
the injector. This relationship will be shown by considering the injected flow rate.
5.3 Flow rate
The injected flow rate is obviously important in determining the type of spray that is
formed during injection. The flow rate can therefore be analysed in terms of its peak,
duration and its profile with time for the different conditions that are simulated. Another
interesting aspect of the flow rate is the comparison between the injected rate and the
rate supplied by the pump.
The total flow rate delivered by a three and four orifice injector gives an indication
of how fuel is delivered into the chamber and from the volume of fuel delivered,
predictions about the power produced by the engine can be made. To compare these
two injectors in terms of the spray that will develop, the flow rate through a single
orifice should be compared instead. Thus, the total flow rate and the flow rate through
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a single orifice of the injector will be discussed. A comparison of the two rates will be
made, and then the injected rate will be discussed in relation to the supplied flow rate
from the pump.
5.3.1 Total flow rate
The injected flow rate is important in describing the spray evolution because of the
dependence between it and the exit velocity of the fuel from the injector. This flow rate
is strongly related to the sac pressure, and thus, they can be easily compared. The flow
rate for the three orifice injector for the low and medium engine loading conditions are
shown in Figures 5.10 and 5.11 respectively, while the four orifice results are presented
in Figures 5.12 and 5.13 respectively. In these plots, the flow rate is shown for the
different injector opening pressures.
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Figure 5.10: Comparison of the flow rate versus time for the three orifice injector at low engine
load for different opening pressures.
Figures 5.10 to 5.13 show how the flow rate compares for different opening pressures.
Like the pressure results, the important difference in the flow rate is the peak flow rates
attained and the injection durations. The reason these features are similar to those of
the pressure results is that the flow rate and the pressure are directly proportional.
In these figures it can be seen that the pressure drops off towards the end of injection.
This drop off from its peak to zero is fastest for higher opening pressures because the
pressure in the sac is largest, resulting in a large pressure difference driving the fuel.
In an engine, this is desirable because the fuel cut off is more abrupt, preventing poor
quality sprays from forming at the end of injection. The low load and low opening
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Figure 5.11: Comparison of the flow rate versus time for the three orifice injector at medium
engine load for different opening pressures.
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Figure 5.12: Comparison of the flow rate versus time for the four orifice injector at low engine
load for different opening pressures.
pressure conditions however, show the flow rate decreasing gradually towards the end
of injection (see Figure 5.10 for example). For high opening pressures and medium
engine loads, the injected fuel should atomise well over the entire injection event.
5.3.2 Flow rate through a single orifice
In Chapter 3, it was mentioned that the spray from a four orifice injector penetrated
more slowly into the chamber than if injected by a three orifice injector. This is also
discussed by Rice [33] in more detail. This suggests that the exit velocity, and therefore
injection flow rate, is lower for a four orifice injector. Comparing the flow rate of the
three and the four orifice injectors in Figures 5.10 to 5.13 however, it can be seen that the
average flow rate for the four orifice injector is higher, which seems counter-intuitive.
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Figure 5.13: Comparison of the flow rate versus time for the four orifice injector at medium
engine load for different opening pressures.
In an attempt to explain this occurrence it is necessary to present the flow rate through a
single orifice of the injector. This is done by dividing the total flow rate by the number
of discharge orifices. The results of this are shown in Figures 5.14 and 5.15 which show
the flow rate through a single orifice for an opening pressure of 10 MPa and 25 MPa at
low and medium load conditions.
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Figure 5.14: Comparison of the flow rate through a single orifice of a three and four orifice
injector at low and medium engine loading conditions for an injector opening pressure of 10
MPa.
Now it can be seen that the flow rate through the three orifice injector is larger for
all load and opening pressure conditions in comparison to the flow rate through the
four orifice injector. The three orifice injector offers greater constriction to the flow,
allowing more time for the pressure to build up to drive the fuel resulting in the higher
flow rates. The three orifice injector would therefore have a better atomised, dispersed
and more penetrating spray. The figures show that increasing the number of orifices
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Figure 5.15: Comparison of the flow rate through a single orifice of a three and four orifice
injector at low and medium engine loading conditions for an injector opening pressure of 25
MPa.
in the injector is a compromise between having a high flow rate where there are fewer
orifices, and injecting a larger volume in a shorter time with more orifices.
5.3.3 Injected and supplied flow rate comparison
By comparing the supplied fuel flow rate in Figure 4.9 to the injected flow rates of
Figure 5.10 to 5.13, the amplification of the supplied flow rate by the injector system
can be observed. The flow rate supplied by the pump is 15 mm3/ms while the injected
rate ranges from 16 mm3/ms for a three orifice, low load simulation to 25 mm3/ms for
a four orifice, medium load simulation. Consequently, the most benefit is gained from
the pump system at high engine loads and opening pressures.
In Figures 5.10 to 5.13 the injected flow rate decreases gradually after reaching its peak,
and then there is a sudden change, where the flow rate decreases more rapidly with time.
This time coincides with the end of the supply phase of the pump.
5.4 Needle lift
The needle displacement provides the most accurate information about when injection
starts and ends. Thus, it is important to discuss these injection characteristics in relation
to the needle lift. The needle lift also has an influence on the pressures in the system
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that also needs to be discussed.
Injection characteristics
Throughout injection, the pressures and flow rates are always affected by the needle lift,
but the magnitude of its influence is difficult to quantify while the pump is supplying
fuel. Once the pump stops delivering fuel, the pressure profiles and consequently the
injected flow rates are a function of the needle lift and remaining pressure differences
only. Figures 5.16 to 5.19 show the line and sac pressure with the needle lift. The sac
pressure and the flow rate are very similar and thus the flow rate is not presented.
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Figure 5.16: Line and sac pressure with the needle lift versus time for a three orifice injector,
low engine load and 10 MPa opening pressure.
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Figure 5.17: Line and sac pressure with the needle lift versus time for a three orifice injector,
low engine load and 25 MPa opening pressure.
Two observations can be made from these figures that give confidence in the model.
They are that the needle lift starts only once the line pressure has exceeded the opening
pressure, and the sac pressure increases only once the needle lifts. The behaviour of the
injector has therefore been captured in the model.
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Figure 5.18: Line and sac pressure with the needle lift versus time for three orifice, medium
engine load and 10 MPa opening pressure.
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Figure 5.19: Line and sac pressure with the needle lift versus time for a three orifice injector,
medium engine load and 25 MPa opening pressure.
Comparing the two pressures and the needle displacement, it can be seen that the
pressure is very low, long before the injector actually closes. Because the sac pressure
is close to the chamber pressure before the needle has closed, the injection event has
finished prematurely due to lack of fuel. The sac and line pressures have dropped
so low, that towards the end of injection, the injected flow rate has also dropped
substantially. This explains what was stated above, that the flow rate drop off at the
end of injection is too gradual.
The 25 MPa opening condition shows a different trend where the flow rate drops
off more rapidly at the end of injection. This is because the line and sac pressures
have remained high enough that a large pressure difference over the nozzle exists.
This means that obtaining a steady residual line pressure before and after injection
is important to the model.
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Dependence of the pressure on the needle lift
Figure 5.20 shows the derivative of the line and sac pressure with time and the needle
displacement. The figure is for a three orifice injector under medium engine loading
conditions. This variation of load and number of orifices is shown because the features
are most clearly visible. Figure 5.20 is useful to aid in explaining how the needle
interacts with the line pressure.
It must be noted that the pump supply will also have an influence on the line pressure
in addition to the needle motion. By considering the change in the line pressure
before injection where only the pump acts and during injection where only the needle
influences the pressure, their combined effect can be better understood.
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Figure 5.20: Time derivative of line and sac pressure versus time for a three orifice injector
under medium engine load conditions for a 25 MPa opening pressure.
For high opening pressures, it can be seen that there is some interaction between the
needle motion and the pressures at the end of injection. Figure 5.20 illustrates these
better by showing the rate of change of these pressures with time and the needle lift.
From 4 ms to about 5 ms in Figure 4.9, the rate of change of pressure with time
is constant when the pump is supplying fuel. During this time, the needle has not
lifted and the line pressure is not sufficient to overcome the closing spring force.
Consequently, the rate of change of the sac pressure is zero.
From about 5 ms, the rate of change of the line pressure decrease rapidly as the needle
starts to lift thereby expanding the volume and the fuel flows into the sac volume. The
pump is still supplying fuel at a constant rate, but the fuel leaving the line dominates
the pressure that results. The sac pressure increases rapidly despite the needle motion
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because there is a large pressure difference between the line and sac volume driving the
fuel.
Just before 6.5 ms, the rate of change of the line pressure starts to increase. At this
time, the pressure difference between the sac and line volumes is small (see Figures 5.1
to 5.4) and so the flow rate in and out of the line are similar.
At 6.5 ms, the pump stops supplying fuel, both the sac and line pressure rates drop
discontinuously. This discontinuity is due the pump supply being modelled as a square
wave. A more accurate pump supply curve would remove the discontinuity. After the
minimum, the pressure rate increases up to zero as the needle starts contracting the line
and sac volumes. Once the needle has reached its original closed position, injection has
ceased and there can be no more change in both the sac and line pressures.
The above discussion shows that there is interaction between then needle motion and
the pressures within the injector. This interaction is particularly important toward the
end of injection, where the needle motion helps maintain the injection pressure, despite
the pump no longer supplying fuel.
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Chapter 6
The common rail model
Like in mechanical injectors, common rail injection pressures are difficult to measure
or predict. Thus, using the penetration equations is again difficult since the driving
pressure is unknown. This chapter details the development of a model that will be used
to simulate a common rail injection system and predict the injection pressure.
Because there are similarities between the common rail and mechanical injector, the
common rail model was built on the existing mechanical injector model. Initially the
common rail injector was simulated in Scicos, but with growing model complexity, Sci-
cos became slow and nonresponsive. As a solution to this, the model was reconstructed
in C++ so that better results could be obtained.
6.1 Injector behaviour
To begin modelling the injector, its behaviour needs to be understood in detail. Only
then can assumptions be made and equations developed that accurately describe the
behaviour of the injection system.
6.1.1 Common rail system
The common rail injector derives its name from the fuel accumulator (common rail)
that acts as a pressure reservoir to multiple injectors and is supplied by a single pump.
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The fuel in the rail maintains an approximately constant pressure while being supplied
with fuel by the pump, even during injection [37]. Since the rail pressure is constant,
and so too the pressure throughout the system, the injector can no longer be actuated
by a pressure signal as in a mechanical injector. Therefore electronic control of the
injector is used, which can operate independently of the pressure in the system, engine
speed and engine load. By introducing electronic control into the control system, many
of the disadvantages that occur in mechanical injectors are also overcome. The control
of injection is provided by the Electronic Control Unit (ECU) [37].
In Figure 6.1 an electronically controlled injector is shown. The diagram is only illus-
trative of the system, showing only the components that are important for modelling
the injector.
Figure 6.1: Electronically actuated common rail injector showing the different components and
internal volumes that are needed for the model.
The importance of each of the components to the operation of the injector is discussed
in the following sections.
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Pressure balance
Like the mechanical injector, the common rail injector needle lifts when the forces
acting on it are unbalanced. In mechanical injectors, the closing force is provided by
the spring, but this is not the case in common rail injectors. Between injections, the
pressure in each volume is equal. There is therefore equal pressure acting on the needle
faces in volume 2 and on the plunger crown in the control volume. The area on which
the pressure in the control volume acts is larger than the area of the needle faces at
volume 2. Thus there is a large closing force maintaining the injector in a closed state.
Opening the injector
To open the injector, the forces acting on the needle can no longer be balanced and
must be such that the needle will lift. Thus, the force resulting from the pressure in the
control volume, Fcv, which acts down on the needle must be less than the force due to
the fuel pressure in volume 2, F2, which acts upwards. The only way Fcv can be varied
is by changing the pressure in the respective volume. Thus, to open the injector, the
control volume pressure must be released sufficiently that the needle will lift.
This drop in the control volume pressure is achieved by energising the solenoid above
the control volume which lifts a ball that opens the bleed orifice. When the bleed orifice
is open, fuel in the control volume escapes back to the tank and the pressure in the
volume drops. The control of the system is therefore an electronic/fluid amplification
system [37]. Injection will continue provided this bleed orifice remains open.
The solenoid does not control the needle directly because the response would be too
slow or a very large solenoid would be required, which would have very high power
requirements. Modern third generation injectors still use electronic control, but the
needle motion is controlled directly through a piezoelectric stack. The use of the
piezoelectric stack gives faster response of the needle [38].
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Closing the injector
The injector is closed by de-energising the solenoid, thereby closing the bleed orifice.
With the bleed orifice closed, pressure can once again build in the control volume. Once
the pressure has built up sufficiently, the needle will close and injection will stop.
The electronic control unit (ECU)
The ECU allows the time when injection starts, the number of injections and the
duration of injection to be controlled. Thus the injection event can be made up of
multiple shorter duration injections. These are classified as the pilot injection, the main
injection and secondary injection events. The inclusion of the pilot injection allows for
more gradual combustion and a reduction of emissions [37].
The mechanical injector suffers from being limited to one injection per stroke as only
very complex cam profiles would make multiple injections possible. The precision and
cost required in making these complex cams make this option uneconomical. It is also
not possible to change the injection duration independently of the engine load and speed
to optimise the amount of fuel delivered.
Another advantage of the common rail injector is that through the control of the ECU
and feedback from the engine speed, the amount of fuel delivered to each cylinder can
be varied to produce a smoother torque output profile. This reduces vibration in the
engine.
Pumping system
The pump continuously acts to maintain the rail at a constant pressure. The pumping
system requires its own control so that the rail pressure does not get too high and fails.
The rail therefore has a pressure sensor that opens a drain valve that releases the excess
pressure by allowing some fuel to return back to the tank.
An advantage of the common rail over the mechanical injection is that the pumping
system is decoupled from the injection event. As a result, the duration of the injection
and the amount of fuel injected is unaffected by the pump. This is one of the reasons
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that electronic control of the injector is possible.
Injection
Besides the actuation method, the injector operates in a similar way to the mechanical
injector. Needle lift opens the passageways that allow the fuel to travel to the nozzle tip
and to be injected. The flow behaviour is similar to the mechanical injector.
Due to the injector being fed by a constant and high pressure accumulator, the flow rate
through the injector is approximately constant and high. The resulting high velocity
results in spray that is well atomised and has good penetration.
6.1.2 Assumptions
Now, with a better idea of how the system works, some assumptions can be developed.
Several assumptions were only used in the Scicos model, but were discarded as more
complexity could be introduced with the C++ model.
The assumptions that are used here are similar to those in Section 4.1.3 and so are not
explained again. Some assumptions have been abandoned as the model developed in
order to improve the accuracy of the solution. These differences will be discussed as
they are included into the model.
1. The solenoid is not modelled. Rather its affect on the control of the system, which
is to open the bleed orifice, is modelled by setting the bleed orifice as either open
or closed.
2. The time that the solenoid is energised for and the time that the bleed orifice is
open are the same.
3. The common rail acts as a perfect accumulator, and thus any fluctuations in the
pressure are negligible, even during injection [37].
4. Volumes containing fuel do not change size due to changes in pressure.
5. The needle is rigid. This is reasonable as the effect that a non-rigid needle has on
the injection event is small [27].
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6. Gravitational forces are negligible in comparison to the forces present in the
injector.
7. Cavitation is ignored.
8. The discharge coefficient of the flow through orifices is set at 0.6, which is typical
for flows through an orifice [23].
9. There is no leakage of fuel out of the injection system.
10. Variation in bulk modulus and density with pressure are not taken into account in
the Scilab model because this model is an extension of the mechanical injector
and it keeps the system simple. This assumption will be abandoned in the C++
model, where adding the extra complexity is a simple process.
11. Temperature remains constant.
12. Flow within the nozzle is one dimensional along the axis of the passage.
In assumption 1, the electrical behaviour of the solenoid is excluded from the model.
The solenoid’s purpose, which is to open the bleed orifice, must be included or the
injector model would be inaccurate. It is chosen to simply model the bleed orifice as
open during injection and closed at all other times. Inclusion of the solenoid would be
a recommended refinement to the model, allowing for prediction of the delay between
the firing pulse and the actual time where the injector would be open. The minimum
opening times of the injector could then also be predicted.
Assuming that the system is rigid means no expansion or contraction of any internal
volumes of the injector is possible when there is a change of pressure of the fuel. This
is a reasonable assumption because the pressure changes in the system are relatively
small, resulting in only small changes in the volumes.
6.2 Injector geometry
The common rail injector model requires information about the size of the internal
volumes, flow cross-sectional area between volumes and the dimensions of the needle.
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These dimensions were obtained by disassembling an identical injector and, where nec-
essary, cutting it and measuring the required features. Cutting the injector introduces
heat that may distort the injector and result in inaccurate measurements. To account for
this, a sensitivity analysis will be done to understand how this will affect the model.
Figures 6.2 to 6.5 show photographs of the different components that were measured to
obtain the required inputs for the model.
Figure 6.2: Photograph of the sectioned body of the injector showing the passageway of the fuel
to the nozzle.
Figure 6.2 shows the body of an injector that has been ground down to show the pas-
sageway that the fuel flows through and from this, the diameters of these passageways
were measured. Because the injector was not ground down in the same plane as this
passageway, it is not visible throughout its length and thus, the passageway for the fuel
from the line is not apparent in the figure. It is however assumed that the diameter of
this passageway is uniform throughout the injector. The location of the control volume
component shown in Figure 6.3 is indicated in Figure 6.2.
In Figure 6.3, it can be seen that different degrees of wear on the surface of the bore
has occurred. At the very top of the bore, there is an area that is worn significantly
differently from the rest of the bore. This area shows the limit of the plunger’s motion,
but also gives an indication of the size of the control volume of the injector, which is
also useful in the model. In this figure, the location of the bleed and feed orifices is
also shown, however the actual orifices are not visible because the component has been
ground down too far. The diameters of these orifices were measured on another similar
injector in The School of Mechanical Engineering Metrology laboratory.
Figure 6.4 shows the nozzle for the common rail injector. A passageway where the fuel
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Figure 6.3: Photograph of the control volume component showing the control volume, the bore
for the plunger, and the feed and bleed orifices
flows through is shown on the right of the photograph. This passageway lines up with
that of the passageway in the body of the injector in Figure 6.2. An internal volume is
indicated in this photograph.
Figure 6.5 shows the injector needle and the shoulders where its diameter changes along
its length. The fuel pushes against these shoulders to open the injector during injection.
6.3 Scicos model
Once again, Scicos is used to model the injector. Many of the equations used in the
common rail injector are similar to those used in the mechanical model. Thus, the
mechanical model was used as a base that was adapted to model the common rail
injector.
6.3.1 Scicos equations
The equations governing the common rail system are developed in the same way those
for mechanical injectors in Chapter 4. Differences arise due to the different geometry
of the common rail injector and its pumping and control systems.
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Figure 6.4: Photograph of the nozzle of the injector showing the fuel passageway and an internal
fuel volume.
Fluid equations
The common rail can be modelled in a similar way to the mechanical injector, thus the
equations have a similar form. The primary difference is that the control volume needs
to be included. The following equations were used to describe the fluid flow of the
injector in the Scicos model:
Figure 6.5: Photograph of the injector needle showing the shoulders and the needle tip.
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dP1
dt
=
β
v1 − xA1,2 [Qin(t) + A1,2x˙−Q1,2(t)−Q1,3(t)]
dP2
dt
=
β
v2 − xA2 [Q1,2(t) + A2x˙−Q2,a(t)]
dP3
dt
=
β
v3 + xA1
[Q1,3(t)− A1x˙−Q3,b(t)]
(6.1)
where dP1/dt is the change in pressure in volume v1 which extends from the rail to
the line, into the injector and to the needle tip. Volume v2 is the sac volume plus the
volume created by the needle displacement. Volume v3 is the control volume above the
plunger. Modelling this volume is the only addition to the common rail model over the
mechanical model.
Equation (6.1) represents the time derivative of pressure within a volume of the injector.
The accuracy of the solution obtained can be improved by increasing the number
of volumes modelled and decreasing the size of each division. A limit as to how
many volume divisions can be made is that for each division, an additional ordinary
differential equation (ODE) must be solved. Computation time therefore increases
rapidly when greater complexity is included.
In Equation (6.1) it is noticed that P1 and P2 are affected positively by the area and
velocity term whereas P3 is affected negatively. This is because a positive plunger
velocity represents a flow rate into the volume in v1 and v2, but a flow rate out in v3.
In Equation (6.1) it is seen that there is a sac volume. However the injector that is used
for testing is a valve covered orifice (VCO) injector that has no sac. In order to model
the pressure in the volume immediately before the orifice, it was necessary to create an
artificial volume and thus the inclusion of this sac volume. This volume is small, and
therefore should not dominate the solution.
The flow rates from v1 to v2 are as in Equation (4.5). Equation (6.2) shows the flow
rates into and out of v3.
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Q13(t) = a1,3cd,f
√
2(P1 − P3)
ρ
Q3b(t) = a3,bcd,b
√
2(P3 − Pb)
ρ
(6.2)
The areas a13 and a3b have their usual meaning in that their subscripts show the con-
striction area of the orifice joining two volumes. Unlike the discharge coefficients cd in
Equation (4.5) which have been assumed to be constant, unique discharge coefficients
for the feed and bleed orifice have been introduced in Equation (6.2) representing
the discharge coefficients for the feed and bleed orifice respectively. The discharge
coefficients cd,f and cd,b are treated as constants in the Scicos model, but can be varied
in the C++ model. The importance of being able to vary the value of these discharge
coefficients will be shown in Section 6.4.6. Pb is the pressure that the control volume
vents to when the bleed orifice is opened.
Needle dynamics
The needle dynamics for the common rail system is similar to the mechanical injector
except that the balancing of the forces is different due to the pressure acting on the
crown of the plunger. This is similar to Equation (4.7).
x¨ =
1
m
(
P1A(1,3) − P3A0 + F − c1x˙+ k1x
)
(6.3)
So, all that has changed from the mechanical injector to the common rail injector is that
the pressure P3 acts on area A0 instead of the atmospheric pressure.
The maximum lift of the needle is limited by the injector. This is a boundary condition
that needs to be imposed on the model. This limit is also introduced into the model by
[28]
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6.4 Conversion to C++
While modelling the injector in Scicos, some differences between the simulation results
and the experimental results were observed. It was hoped that by dividing the injector
into smaller volumes and removing some simplifying assumptions, better results would
be attained.
Improving the model with additional equations proved to be difficult because Scicos
become slow and non responsive. Scicos also includes many libraries that may not be
needed for a solution, which increases the solving time of the simulation. Thus, it was
decided to convert the Scicos model into a C++ program.
In the transition to C++, it became necessary to use numerical methods for the required
integration. These methods are explained first. The basic outline of the program is
presented to clarify its operation. Following that, the equations that are used in this
program are presented. Fundamentally these equations are not different to those used
in Section 6.3.1. The only differences arise due to the increased number of volumes
taken into account and the inclusion of the variation of density and bulk modulus with
pressure.
6.4.1 Numerical integration method
The solution requires that numerous ODEs must be solved. An analytical approach
would be difficult because there are many variables and they are all dependent on each
other. Thus, a numerical integration is required.
The C++ program used trapezoidal integration as a first approximation. In the interest
of speeding up solving time and accuracy, a fourth order Runge-Kutta method was
later implemented. Runge-Kutta methods are commonly used for solving ordinary
differential equations [39].
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Trapezoidal integration
From the Riemann sum, integration is the process of calculating the area created by
two points on a curve and the x-axis as a rectangle, where the difference between the
points tends to zero. In numerical integration, the difference between these points does
not tend to zero because this would increase the time required to solve the solution.
Consequently, errors are introduced into the solution.
A better approximation to calculating the area under the curve by using rectangles is
to use trapeziums. This gives a closer approximation to the actual solution than using
rectangles, but again requires very small time steps for sufficient accuracy. Trapezoidal
integration does provide simplicity because it can be used to integrate any function
provided the current and previous points are known.
Runge-Kutta (RK)
Runge-Kutta methods provide better solutions to integration than the trapezoidal method
by reducing the truncation error [39]. Runge-Kutta methods are used to solve equations
of the following form [39]:
dy
dx
= f(x, y), (6.4)
which is in the same form as the equations that need to be solved in the model.
There is a significant difference between Runge-Kutta and trapezoidal integration.
The Runge-Kutta method requires the equation that is being integrated. Trapezoidal
integration only requires the x and y values.
An explanation of the numerical methods used here must begin with Euler’s method
which is the simplest form of the Runge-Kutta method which was ultimately used in
the model. The one step Euler method assumes that the slope at the beginning of the
interval is the same as the slope over the entire interval [39]. With this assumption
linear extrapolation over the interval is carried out to calculate the value at the end of
the interval. Thus:
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yi+1 = yi + f(xi, yi)h. (6.5)
For sufficiently small time steps between intervals h, this method can approximate the
actual solution well, but this is at the expense of computation time. If the time step
size is large, then a significant error is introduced into the solution. This can be seen in
Figure 6.6.
Figure 6.6: Euler’s approximation of numerical integration.
The error for each time step is cumulative. Thus the error can become large very
quickly. Improvement to the Euler’s method is achieved by getting better approxi-
mations of the slope over the interval.
Heun’s method (also known as a second order Runge-Kutta) calculates the derivative
at the beginning and end of the interval. The derivative at the second point is based on
the value calculated from the Euler’s method. See Figure 6.7(a).
These derivatives are then averaged to calculate the next point. Thus there is a
correction that is occurring to the Euler’s method [39]. The effect of this can be seen
in Figure 6.7(b). Correction to Euler’s method occurs in other integration methods as
well.
Heun’s method is therefore given by:
83
6.4. CONVERSION TO C++ THE COMMON RAIL MODEL
(a) (b)
Figure 6.7: The slope at the beginning and end of Heun’s approximation.
yi+1 = yi +
f(xi, yi) + f(xi+1, y
0
i+1)
2
h (6.6)
where y0i is the intermediate approximation of the gradient [39].
The Heun’s approximation is actually a special case of the second order Runge-Kutta
approximation. It is presented because it shows how the average slope over the interval
can be approximated.
The fourth order Runge-Kutta has many versions, but the most common is where four
approximations of the derivative are taken. The Heun’s method, or second order Runge-
Kutta, requires only two approximations of the gradient to be calculated.
For a time dependent problem the equation to be used is:
dx
dt
= f(t, x). (6.7)
From this, constants which represent the slopes at different points of the solution
interval are constructed in the following form:
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k1 = f(t, xn)
k2 = f(t+
1
2
h, xn +
1
2
k1h)
k3 = f(t+
1
2
h, xn +
1
2
k2h)
k4 = f(t+ h, xn + k3h)
(6.8)
Note that the preceding constant is used in calculating the following constant. For
example, k1 is used in the calculation of k2. Therefore, this method of numerical
integration is very efficient when solved on a computer [39].
The slopes calculated are then averaged to obtain the solution at the end of the interval.
The classical Runge-Kutta approximation uses the following weighting system to
obtain an average.
xn+1 = xn +
1
6
(k1 + 2k2 + 2k3 + k4) (6.9)
This weighting of the slopes to calculate the solution places more emphasis on the
slopes in the middle of the solution interval. The classical Runge-Kutta method is used
because it offers an efficient solution for computational solving.
Application of RK method to the common rail model
The common rail equations are far more complicated than Equation 6.7, requiring
numerous results from multiple ODEs. Thus, the form of the equation changes to
include multiple time dependant variables and their constants. For two ODEs, Equation
6.7 becomes:
85
6.4. CONVERSION TO C++ THE COMMON RAIL MODEL
dx
dt
= f(t, x, y)
dy
dt
= g(t, x, y). (6.10)
The slopes across the interval need to be calculated for x and y. The constants for f(x)
and g(x) are k and i respectively.
k1 = f(t, xn, yn)
k2 = f(t+
1
2
h, xn +
1
2
k1h, yn +
1
2
i1h)
k3 = f(t+
1
2
h, xn +
1
2
k2h, yn +
1
2
i2h)
k4 = f(t+ h, xn + k3h, yn + i3h)
i1 = g(t, xn, yn)
i2 = g(t+
1
2
h, xn +
1
2
k1h, yn +
1
2
i1h)
i3 = g(t+
1
2
h, xn +
1
2
k2h, yn +
1
2
i1h)
i4 = g(t+ h, xn + k3h, yn + i3h).
Notice here the constants of k are used in the calculations for the constants of i and vice
versa which also makes the number of calculations that actually need to be done much
less.
Now the equations need to be combined to obtain the solution. They have the same
form as the Equation (6.9). Thus the solutions F (x) and G(x) are approximated by:
xn+1 = xn +
1
6
(k1 + 2k2 + 2k3 + k4)
yn+1 = yn +
1
6
(i1 + 2i2 + 2i3 + i4)
The C++ common rail model requires eight ODEs to be solved, thus there are eight
unique sets of constants that must be solved for.
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6.4.2 Program flow
Figure 6.8: The flow of the program for the C++ solution.
The structure of the C++ program can be seen in Figure 6.8. The full listing of the
program is presented in Appendix C.3. The first decision block controls how long the
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program runs based on the desired start and end time inputs. Typically the start time is
set at zero. The program runs from the start time to the end time in increments that are
defined by the user. This increment is the time step size of the model or h in the RK
approximation.
The current time that the program is solving for is the summation of all the increments
that have been run so far. The current time of the solution is then compared to the end
time. If the current time equals or exceeds the end time, then the solution is complete
and the results can be saved. If not then the decision is taken to continue solving. The
main part of the program occurs within the loop defined by this control function.
The second decision block within the main loop controls when injection occurs.
Injection must occur at some point within the solution time. The injection is defined by
its own start and end time, the difference of which gives the injection duration.
In Section 6.1.2, the assumption was made that the electrical component of the solenoid
would not be included in the model. The bleed orifice would be opened to indicate the
start of injection. Thus, the second decision block opens the bleed orifice during the
injection time already defined. If injection is not occurring, then the bleed orifice is
set as being closed. All calculations are then carried out in the final two blocks within
the main loop. This section represents the greatest portion of the solution in terms
of computation time as this is where all the equations are solved. Once the solution
is complete, all the output values required are written to a text file on which post-
processing can be carried out.
6.4.3 C++ common rail injector equations
The equations defining the injector behaviour can now be developed. Like the mechan-
ical injector, the common rail equations need to be separated into the fluid and needle
parts.
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Fluid equations
To describe the fluid component, the internal volumes of the injector have been divided
into five volumes. This division occurs where there are significant constrictions to the
flow.
In the Scicos model, volume v1 encompassed the line and many of the internal volumes
of the injector. In order to improve the solution, this volume has been divided into
three smaller sub-volumes. The line feeding the injector became a unique volume vl,
and the internal volume of the injector is split further into two. The first volume, v1, is
from the line through to the chamber where the fuel acts on the shoulder of the needle.
This volume has two outlets, one to the control volume vcv, and the other to the next
volume v2. Volume v2 is from the chamber to the needle tip, but does not include the
sac volume.
Equation (6.11) describes the fluid component injector accounting for the additional
volumes:
dPl
dt
=
β(Pl)
vl
[Qr,l(t)−Ql,1(t)]
dP1
dt
=
β(P1)
v1
[Ql,1(t)−Q1,2(t)−Q1,3(t)]
dP2
dt
=
β(P2)
v2 − xA2,3 [Q1,2(t) + A2,3x˙−Q2,3(t)]
dP3
dt
=
β(P3)
v3 − xA3 [Q2,3(t) + A3x˙−Q3,A(t)]
dPcv
dt
=
β(Pcv)
v3 + xAcv
[Q1,cv(t)− Acvx˙−Qcv,b(t)]
(6.11)
where Qr is the flow rate out of the rail. Notice that volumes v1 and vl have no velocity
and area components because the volumes do not change during injection. P1 has two
outlet flows, one into volume v2 and one into the control volume. In equations (6.11),
the bulk modulus β is shown to be a function of the pressure in the respective volume,
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this is a refinement of the C++ model. The flow rates Q have the same form as in
Section 6.3.1 and the mechanical model in Section 4.1.4
Needle dynamics
The equation for the needle dynamics can be written as a Macaulay functions for the
C++ program. The Macaulay function is convenient because it can be treated as an ‘if’
statement, dependent on the needle lift.
mx¨ = P1(A1−A3) +P2(A3)−P3(Acv)− ksx− cx˙− ksac〈0− x〉 − klimit〈x− xlimit〉
(6.12)
When the needle moves too far it impacts with the body of the injector and cannot
move any further. In terms of forces, it means a very large force decelerates the needle
once it travels too far. This force behaves like a very stiff spring and is analogous to
deformation occurring. Thus, a spring constant that limits the needle motion, klimit is
introduced. Similarly, ksac is introduced to account for the forces that arise when the
needle starts interacting with the seat of the injector, and the constant c, acts to dampen
out energy in the system. The spring constants klimit and ksac have values significantly
larger than any other springs in the system by several orders of magnitude because they
are due to deformation of the injector. The damping constant is selected to be as small
as possible so that it does not dominate the system’s behaviour.
6.4.4 Akribis
The Akribis is a device capable of measuring the injected fuel’s flow rate for every
injection. The Akribis introduces an extra component into the system which may affect
the solution and needs to be included in the model. The operation of the Akribis is
explained before the equations that define it are developed.
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Akribis operation
Figure 6.9 shows a schematic of the Akribis. The injector injects into a filled fuel
volume that is separated from a nitrogen filled volume by a piston. The nitrogen volume
is maintained at a pressure of 2.8 MPa, and thus, the pressure in the fuel and nitrogen
volumes are equal. Because the two volumes are sealed from each other, there is friction
when the piston moves that must also be accounted for in addition to the mass of the
piston which will have its own inertia. At the start of injection the piston is stationary,
and as fuel is injected, there is a pressure rise in the fuel chamber. This causes an
unbalancing of forces resulting in displacement of the piston which when measured,
provides a means of determining the volume of fuel delivered.
Figure 6.9: Akribis schematic showing the piston, chamber and nitrogen volume.
The Akribis therefore has a fluid and piston component that needs to be modelled.
These equations are derived in a similar way to those used for the common rail injector.
Akribis fluid component
The equation for the Akribis is similar to the fluid equations used for the injector
presented above. The pressure in the Akribis fuel chamber is expressed in terms of
bulk modulus, fuel volume, piston displacement, piston area and the injected flow rate.
The drain valve does not need to be included because the Akribis is only drained after
the injection event. Equation 6.13 defines the dPA/dt for the Akribis fuel chamber, as
follows:
91
6.4. CONVERSION TO C++ THE COMMON RAIL MODEL
dPA
dt
=
β(P3)
vA + Apxp
[Q2,3(t)− Apx˙p −Q3,A(t)] (6.13)
where Ap is the area of the piston, vA is the volume of the Akribis fuel chamber, xp and
x˙p are the displacement and velocity of the piston respectively.
Akribis piston component
Fuel and nitrogen pressure act above and below the piston respectively. When the
pressures are equal, the piston undergoes no acceleration. When the fuel chamber
pressure varies as a result of injection, the pressures are no longer balanced and the
piston is displaced. The acceleration of the piston is given in Equation (6.14) as
x¨p =
1
mp
(PN2Ap − PAAp) . (6.14)
The acceleration x¨p is dependent on the mass of the piston mp, the area of the piston
and the pressure above and below the piston.
6.4.5 Bulk modulus and density
The model is constructed using the fuel properties of ISO 4113 calibration fluid so
that the results can be compared to the experimental results. This calibration fluid has
properties that are similar to those of diesel as seen in Figure 2.3. The fundamental
difference is that the calibration fluid has a lower flash point which makes it safe for
testing purposes, but this does not change the results. For modelling, the important
properties are the bulk modulus and density, and their variation with pressure. Equation
(2.13) is the best fit equation for bulk modulus versus pressure that was used in the
model, and is presented again below:
β(P ) = 11.667P + 1.4× 109.
The variation of the fuel density with pressure is also included into the model. This is
accounted for using Equation (2.14) presented again here:
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ρ(P ) = (7.61905× 10−19P 2 − 6.78571× 10−10P + 1.22167)−1.
6.4.6 Discharge coefficients
A first approximation taken during the construction of the model was to use a single
discharge coefficient for every orifice and area change throughout the injector. Through
testing of the model, it was found that the solution was sensitive to the bleed and feed
orifice discharge coefficients. These orifices control the response of the injector and
thus require individual values. These discharge coefficients vary with time due to
the transient nature of the flow which makes their evaluation a complex topic, whose
investigation is beyond the scope and objectives of this project. Discharge coefficient
information that is available is typically only for steady state flows which obviously do
not apply to this system.
A solution however that compensates for variable discharge coefficients still needs to
be found. This will be achieved by using experimental results and selecting values
for these discharge coefficients that give the correct injected flow rate profile. The
experimental tests that will be used to compare to the simulation will therefore be
discussed next.
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The common rail equipment
In this chapter, the capabilities of the experimental equipment, and the procedure and
precautions that need to be taken to obtain satisfactory results, will be discussed.
7.1 The injection Test Stand
An injector test stand was custom built by Innov8, which is capable of measuring the
injected flow rate and capturing images of the spray structure during the injection event.
This equipment was used to measure the injected flow rate of a common rail injector in
this research. This section divided into the injection system, which details the injector
and its system, the Akribis which measures the injected flow rate through the injector,
and the image capturing system, which makes spray visualisation possible which are
different components of the Test Stand.
7.1.1 Injection system
The standard components of an injection system are present in the test stand and can
be seen in Figure 7.1. There are fuel lines, a common rail and two injectors. A high
pressure pump (not visible in Figure 7.1) is attached to an electric motor. The system
can only test one injector at a time as a safety precaution, because each injector is part
of its own system. One injector is used for the flow measurement unit and the other
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injector for capturing images of the injection event, which will be discussed later.
Figure 7.1: Photograph showing the injector, rail, Akribis and fuel lines for the test stand.
The system uses a Siemens common rail and two Bosch 0411 100 181 injectors which
are six orifice injectors with an orifice diameter of 0.173 mm. The orifice diameters
were measured in The School of Mechanical Engineering Metrology Laboratory. This
is a first generation injector typically used on light motor vehicles. This type of injector,
due to being actuated by a solenoid, is only capable of two injections per power stroke,
a pilot and main injection.
The rail pressure is maintained by a common rail fuel pump that is driven by a five
kilowatt electric motor. The motor speed can vary from 100 to 1000 revolutions per
minute. The fuel pump is fitted with pressure release valves on the low and high
pressure sides of the pump. As a result, the pump does not supply fuel to the rail if
it is not required, as it is wasteful of energy, and does not over-pressurise the rail which
could be dangerous.
The entire system allows for the injection event to be controlled in great detail by
computer systems that run the test stand. The system is capable of five consecutive
injections per revolution of the motor. The injection duration and the delay between
injections can also be specified, thus making it possible to simulate pilot injections and
the main injection event. The rail pressure can be set in the range from 30 MPa to 2000
MPa, however, caution should be taken as the injector cannot withstand a pressure of
2000 MPa, as it is designed to operate safely at a maximum of 1400 bar. Finally, the
pump speed can also vary, making it possible to see how quickly the pump is capable
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of re-pressurising the rail and how this affects subsequent injections.
Figure 7.2: The common rail test stand system circuit.
Figure 7.2 is the system diagram, showing how the mass and information is passed
within the system. The mass and information transfer consists of the fuel and the signal
firing pulse, the pressure and the delivery data respectively. In Figure 7.2, only a single
computer is shown that sends the desired signals and captures the data. The test stand
however, consists of three computers that drive the system and capture data. Figure 7.2
combines all of these computers into a single black box for simplicity.
The information transfer in the system has to do with actuating the injector and
receiving the measured data. In the stand, the signal that actuates the injector is
provided by the signal generator which creates the correct signal dependent on the
required test conditions set by the user at the computer. The information received at the
computer is the data measured by the Akribis for the flow delivered and the pressure
measured in the rail.
The transfer of mass is the fuel that is supplied to the injector by the pump. All the
injected fuel returns to the tank so that it can be re-injected. In the common rail injector,
some fuel that is delivered by the pump is not injected, but rather is used in the control
96
7.1. THE INJECTION TEST STAND THE COMMON RAIL EQUIPMENT
of the injector. This fuel leaves out the top of the injector, but also is returned to the
tank through its own fuel return line.
7.1.2 Test fuel
Testing will be done with ISO 4113 as a test fluid, which has properties comparable to
diesel, without the high flash point, thus eliminating the possibility of combustion. ISO
4113 is an accepted industrial injector testing fluid [29]. The properties of ISO 4113
are discussed in Chapter 2.
7.1.3 Pressure measurement
The pressure in the common rail is measured by a Kistler pressure transducer. The
common rail is generally fitted with a pressure transducer that is used in the control
system to regulate the rail pressure. This transducer does not measure to the accuracy
of the Kistler.
7.1.4 Fuel delivery measurement
Flow measurement of the injected fuel is carried out by the Akribis unit, which
measures the volume of fuel delivered with time by measuring the displacement of
a piston by the injected fuel. From this, differentiation of the measured delivery with
time gives the injected flow rate. This section will explain how the Akribis system
works and how the measurements are taken.
Akribis volumes
The injector injects into the Akribis volume which is filled with fuel. The volume
contains a piston which can move to equalise the pressure on the fuel side and the other
side which contains nitrogen that is pressurised to 2.8 MPa. The fuel filled volume
in the Akribis is therefore also at a pressure 2.8 MPa, which represents the chamber
pressure in the engine.
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During injection, the pressure rise in the Akribis volume unbalances the forces acting
on the piston which causes piston motion. This motion is detected by a linear variable
differential transformer (LVDT), which converts the motion into a digital signal rep-
resenting the volume of the fuel injected. The flow rate versus time is calculated by
differentiating the delivery versus time results provided by the LDVT.
The injector volume is drained after every injection event at a time well after injection
is completed so as not to interfere with the results. If the fuel volume were not drained,
the pressure would eventually build up and cause failure of the Akribis. The piston can
then return to a zero position to await the next injection event.
Akribis response to fuel and nitrogen compressibility
The Akribis readings can only be interpreted as completely representative of the
injected flow rate if the pressures in the Akribis are the same before and after injection
(before draining). If the pressures are different, then the fuel has been compressed in
its volume and therefore has not displaced the Akribis piston sufficiently. Because the
nitrogen volume is large, it is reasonable to assume that it maintains constant pressure,
even when the piston is moving. Thus, the pressure after the injection will be the same
as that before injection and very little error is introduced.
Akribis response to the size of the fuel volume
The piston motion in the Akribis is driven by the pressure rise in the fuel volume.
Thus the pressure rise needs to be such that the piston responds quickly to an injection.
According to Innov8 Technologies Ltd [40], the fuel volume is minimised in order to
maintain the accuracy of the measurement and reduce errors.
Akribis response to piston mass
The effect of the needle mass on the results is difficult to quantify. On the one hand, the
piston introduces a mass into the system with its own inertia. This inertia will delay the
response of the system to the injection event and introduce oscillations in the measured
delivery once the injection has ended. On the other hand, the pressure differences that
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cause motion in the piston are large and the mass is small, so inertia effects may be
small. When interpreting the results, it is necessary to take the piston mass into account
as the inertia that it introduces into the system may affect the results. In the common
rail simulations in Chapter 6 the motion of the piston is taken into account so that its
effect can be evaluated.
7.2 Uncertainty analysis
The test rig was newly commissioned just prior to testing by the manufacturer and there-
fore it is assumed to be correctly calibrated and that the measurements are accurate.
The uncertainties associated with the Akribis unit and the Kistler pressure transducer
are shown in Table 7.1. The values have been extracted from Innov8 Technologies Ltd
[40].
Table 7.1: Measured delivery and pressure uncertainty.
Parameter Units Accuracy
Delivery mm3 ± 1 %
Akribis timing ms ± 0.02
Pressure MPa 1 %
7.3 Methodology
The precautions can be divided into three categories. These are safety, which is the most
important, precautions that ensure that the test stand is not damaged during testing and
precautions that aid in obtaining good test results.
7.3.1 Precautions
1. Ascertain the location of the emergency stop buttons and use them when neces-
sary.
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2. Ensure that none of the emergency stops are depressed before trying to start the
machine.
3. Before starting the test stand, check for flammable fuels that may ignite when
any switches are activated.
4. Do not tamper with any high pressure lines, especially when there is any pressure
in the system.
5. Handle the high pressure air, nitrogen and fuel lines carefully.
6. The following needs to be ensured to start and run the test stand otherwise the
safety interlocks will prevent the test stand from starting:
• There is sufficient nitrogen pressure (2.8 MPa).
• There is sufficient air pressure (0.6 MPa).
• All the glass doors on the spray testing side of the stand are closed.
• The Akribis and the pump cooling oils temperatures fall between 19°C and
21°C.
7. Ensure that the drain valve controller in the power cabinet is switched on. It may
be switched off if spray visualisation tests have been carried out recently.
8. Do not switch off the power with the circuit breaker before the computers have
been shut down fully. Doing so may result in loss of data if they have not been
saved properly.
9. Wait until the test stand is completely purged of air before starting tests. Purging
the circuit box in the test stand protects the circuit from fuel residue and purging
the Akribis unit with nitrogen ensures that the injector injects into an inert
environment, thus protecting the stand.
10. When switching the stand on, if any lights on the power cabinet door do not
illuminate, the ‘LAMP TEST’ button can be pressed. This will switch on all the
lights to see if any are not operational and need to be replaced or if there really is
an error in the stand.
11. When setting the electric motor speeds, it is advisable to first set a low speed and
if everything is operating properly, the speed may be increased
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12. When requiring high rail pressures, run the electric motor at 1000 rpm so that it
is not overstrained. If the motor is overstrained, it will cut out and a full restart
will have to be carried out.
13. Do not exceed the maximum operating pressure of the injector or the rail.
14. Do not energise the injector for too long because the solenoid will burn out.
15. The Akribis can drain a maximum fuel volume of 150 mm3 per injection.
Therefore the pressure and duration parameters should be chosen so that this
is not exceeded as the Akribis may drain during injection which would interfere
with the results.
16. Check that the drain rate level is about 12.5 mm3/ms. This is the specified drain
rate that gives optimal performance.
17. While testing, check the control panel on the back of the control cabinet to ensure
that the drain valve is not continuously draining. This will burn out the drain
valve solenoid.
7.3.2 Procedure
1. Switch on the water chiller.
2. Open the nitrogen cylinder to provide nitrogen to the stand.
3. Switch on the air compressor and wait for it to pressurise the accumulators to 0.6
MPa.
4. Open the air supply valve.
5. Switch on the extraction fan.
6. Switch the purge switches to the ‘ON’ position.
7. In the control cabinet, make sure the connector for the Akribis is inserted.
8. Make sure the switch for Akribis testing on the door of the power cabinet is on
the ‘AK’ position.
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9. Close the circuit breaker on the power cabinet by rotating the switch clockwise,
the Akribis and control computers should start automatically.
10. Switch on the test stand by pressing the ‘TEST STAND’ button on the power
cabinet door.
11. Start the Akribis oil pump by pressing the ‘AK COOL OIL PUMP ON’ button.
12. Start the test fuel pump by pressing the ‘TEST PUMP ON’ button.
13. Check the pressure valves on the test stand. Adjust the air purge, nitrogen purge
and nitrogen valve to obtain the correct pressure required by the test stand.
14. Allow time for the Akribis and main circuit board chamber to be purged.
15. Start the common rail drive motor by depressing the ‘CR DRIVE ON’ button.
There is a safety delay of approximately ten seconds before the light will show
that the motor is ready.
16. Start ‘CADAC’, the computer program that controls the test stand, located on the
control computer’s desktop.
17. Press ‘F10’ on the keyboard to bring up the diagnostic screen. Green dots indicate
that a requirement for the safe operation of the test stand is in order, whereas
red indicates a system fault. All these requirements need to be green before
proceeding.
18. Set the motor speed on the motor settings window on the control computer to 100
rpm, and increase it gradually until the motor is running at 1000 rpm.
19. Set the injection parameters on the ‘Injector firing and control’ screen by pressing
‘F8’ on the keyboard. Here the pressure, injection durations and number of injec-
tions can be set. For Akribis testing, the injections must also be synchronized to
the pump. Being synchronized to the pump ensures that the results are repeatable
by forcing the injector to inject at the same point in the pumping cycle of the
supply pump.
20. Click ‘APPLY’ to begin injecting.
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7.3.3 Capturing data
The data capturing procedure is listed separately as it takes place on the Akribis
computer. The data capturing has two modes:
1. Free run. Free run captures the data and displays it on the screen but does not
save the data. Multiple injections can be recorded, but only the first is displayed.
2. Save the data. This is where the data is saved to the computer.
Both capturing methods have importance. Item one, free run, has two uses, firstly, tests
can be quickly analysed to decide their relevance before they are saved and processed.
Secondly, the drain rate profile needs to be looked at to set the drain level of the Akribis.
The ‘save data’ mode allows the data to be recorded for later analysis.
Capturing and saving data
Capturing and saving data for Akribis testing is carried out on the Akribis computer.
1. The file path of the test can be specified in the ‘Results’ window.
2. Once injection has started, capturing of the data can be started.
3. Data processing is carried out in a separate program called Test Scope. Here the
waveforms are exported to text files, and plots can be exported directly from Test
Scope, but further processing can only be done from a separate program.
4. Test Scope exports into a text file that, although is efficient in terms of storage, is
not useful for post processing. Thus a separate program was written to turn the
Test Scope data into a comma separated variable file that Scilab, Matlab or Excel
can interpret.
7.3.4 Proposed tests
The injector will be tested at its maximum rated pressure of 140 MPa for different
injection durations. The injection duration should vary from short durations (475
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µs) which represent pilot injections to very long injections (1500 µs) where transient
dynamics of the fluid and injector are no longer present. Intermediate durations
represent typical opening durations (600 µs - 700 µs) of the injector. For each test
carried out, the rail pressure and injected flow rate will be measured.
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Chapter 8
Common rail experimental results
Data for flow rate, fuel delivered and pressure were recorded for injection durations
from 475 µs to 2000 µs at a rail pressure of 140 MPa. The data collected has been
processed and presented as a series of plots below.
8.1 Data averaging
For every injection duration tested, data for thirty injections were recorded and aver-
aged. Figure 8.1 shows the delivery of the average and a single injection. This illustrates
how much variation there is between injections which is important when evaluating the
repeatability of each injection. Repeatability of the injections, besides being important
to research, is also important to engine performance where identical injections produce
smoother power curves during engine operation [10, 37, 41]. Too much injected fuel
results in high exhaust emissions and too little would affect performance adversely.
Figure 8.1 shows the seventh injection and the average of all thirty injections super-
imposed. The seventh injection is chosen arbitrarily; any of the other injections would
give similar results. This result is presented to show the repeatability of the experiment.
The final volume of fuel delivered for the seventh injection is approximately 3% higher
than the average volume delivered. This difference could arise from slight variation in
the length of injection which alters the amount of fuel delivered or could be attributed
to the measuring system. The transient features which appear at 2.1 ms and 2.8 ms are a
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Figure 8.1: Comparison between the average and individual values for volume versus time for
the injection events.
result of the measurement equipment rather than additional, smaller injections. Because
the variation is small, the ability of the control system to meter almost exactly the same
amount of fuel for multiple injections without a feedback system, is verified. To this
research, Figure 8.1 illustrates that the results are repeatable and that no significant
external factors interfered with the measurements taken.
8.2 Delivery
The total volume of fuel delivered for each injection duration from 475 µs to 2000 µs is
shown in Figure 8.2. This figure shows how the volume of fuel delivered is dependent
on increasing the injection duration.
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Figure 8.2: Injected volume versus injection duration.
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More data points are shown for injection durations less than one millisecond as this
is the typical operating condition of engine. The figure shows that the amount of fuel
delivered increases with injection duration. Since the flow rate remains constant during
injection due to a constant rail pressure, this result is expected. The data would not
pass through the origin because there is a minimum energising time that the solenoid
requires before the injector will open. In addition the control volume requires time to
depressurise sufficiently before allowing the injector to open.
There is deviation from the linear trend in Figure 8.2 at 0.65 ms where there is a ‘bump’
in the curve. This feature can be understood by considering Figure 8.5, where between
the 0.6 ms and 0.7 ms, there is an oscillation in the flow rate that has an effect on the
overall delivery. Similar reasoning can be applied to the smaller bump that occurs at
0.45 ms. Smaller intervals in duration were tested, between in 0.6 ms and 0.7 ms, and
all the results support that a ‘bump’ would occur. This bump occurs because the injector
closes on the peak of one of the oscillations in the flow rate.
The reason for this (or any other) oscillation during injection is not obvious. Possible
causes are water hammer effects, changes in the state of the flow, needle motion or a
response to the drop in pressure from the pump. After about 0.7 ms injection durations,
the flow rate begins to follow a better linear trend as the oscillations have less effect on
the average delivery due to the length of the injection duration.
In terms of future testing, it can be seen that the two millisecond injection injected about
120 mm3, which is approaching the 150 mm3 limit of the Akribis and significantly
longer injections should be avoided. It is expected that the limit would be reached at
about 2.8 ms by extrapolating beyond the measured points, assuming that the pressure
would remain at 140 MPa.
8.3 Rail pressure
Figure 8.3 shows the rail pressure versus time for the 500 µs to 900 µs injection
durations when the setpoint pressure in the rail was 140 MPa. Figure 8.3 shows the
rail pressure versus time for the 500 µs injection only, making the pressure features
clearer.
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Figure 8.3: Rail pressure versus time for various injection durations.
Pressure variation
In Figure 8.3, the rail pressure versus time for injection durations from 500 µs to 900
µs, it can be seen that at the start of measurement, the initial pressures are not identical.
The 500 µs injection has an initial pressure of 140.75 MPa while the 900 µs injection
has an initial pressure of 141.25 MPa. This deviation is small, being less than 1% of
the set point pressure of 140 MPa. Some deviation in the pressure is expected due to
the unique pressure responses by the pump that is affected by the different injection
conditions such as different injection durations. The control system constantly supplies
and releases pressure to try and maintain a constant set-point pressure of 140 MPa.
Thus, the reference point where injection is set to start is at a point where the pressure
is slightly higher than the set-point pressure. The system however, also injects at the
same point in the pumping cycle, so that the reference pressure is as similar as possible
during for each injection test. The deviation between the different measured pressures
could also be due to the uncertainty of the measurement equipment, as the deviation
falls within the uncertainty range. This initial deviation is therefore accounted for.
Pressure features
The pressure profile shows many interesting features of the injection event. Figure 8.4
is a schematic of the rail pressure versus time, indicating these features and making
their identification in Figure 8.3 easier. The first interesting feature is that the pressure
decreases slightly as the measurements begin. This occurs because the pressure is
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released gradually by the control system to prevent the rail pressures from exceeding
the set value.
The next feature shows the moment when the solenoid has opened the bleed orifice.
When the bleed orifice opens, the pressure in the control volume is released and causes
a slight, abrupt pressure drop in the system labelled ‘bleed orifice opens’. The pressure
drop can be seen in the Figure 8.3.
Figure 8.4: A schematic of rail pressure versus time illustrating the pressure features that are
visible in the pressure profiles.
Once the pressure in the control chamber has dropped enough, the injector opens, and
the pressure again drops sharply as the fuel is injected. The beginning of this feature is
labelled as the ‘start of injection’ in Figure 8.4.
There is a delay between the time when the bleed orifice opens and when the injector
opens which will be called the ‘pressure control time’. This is the time that it takes
for the control volume pressure to drop. It can be seen in Figure 8.3 that this time is
small in comparison to the injection duration. A short delay between when injection is
initialised by the solenoid and when it actually starts is desirable, because the system
responds quickly when the bleed orifice is opened and makes control of the system
easier.
In Figure 8.3, it noted that the pressure control time is the same for all injection
durations shown. This time is only dependent on the geometry of the injector and the
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rail pressure and is independent of the injection duration. In the control of the injector,
these relationships are desirable because the behaviour of the injector is repeatable and
predictable.
It can be seen in Figure 8.3 that the main pressure drop representing the pressure drop
for the main injection event, is largest for the 900 µs injection. This is because the
injector is given more time to inject fuel thereby allowing more fuel to leave the system.
Note that the ’Pressure control time’ is smaller than the main injection event. This
is desirable because only a small amount of fuel pressure is lost to the control of the
system. The injector is therefore efficient in its use of the pressure provided by the
pump by not wasting energy in its control.
The end of the injection event is marked by an increase in the pressure (see Figure
8.4). Following the ‘end of the injection’, the pressure in the rail returns to the set rail
pressure. It can be seen in Figure 8.3 that the pressure increase is sinusoidal. This is
because each lobe of the pump is 120◦ out of phase and, each peak corresponds to one
lobe of the pump restoring the pressure.
8.4 Flow rate
In this section the injected flow rate results are presented. The injection flow rate and
velocity are compared to those of the mechanical injector and effect of the injection
duration on the flow rate is considered.
Total flow rate
Figure 8.5 shows the flow rate versus time for injection durations of 500 µs to 900 µs.
The injector is injecting for all non-zero values of the flow rate.
It is observed in the figure that once injection has ceased, there are small fluctuations
in the flow rate. These fluctuations are purely due to the measurement equipment.
From this plot, the dependence of the flow rate on injection duration can be seen, and a
comparison between the actual injection duration and the set duration can be made.
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Figure 8.5: Flow rate versus time for 500 µs to 900 µs injection durations.
For each injection duration, the average flow rate does not vary significantly and
remains approximately 52 mm3/ms. This is unlike the flow rates shown for the
mechanical injector in Chapter 4 which were significantly lower and varied more with
time due to the varying supply pressure. This implies that the pressure before the orifice
remains approximately constant. The longer injections, with injection durations greater
than ∼ 700 µs, show fluctuations in the flow rate, but it is uncertain what is the cause.
The flow rate per orifice
Because the common rail injector has six orifices, the actual flow rate per orifice needs
to be considered to compare the benefits over the mechanical injector. Figure 8.6 shows
the total flow rate divided by the number of injector orifices (n=6) for the common rail
system.
Figures 8.6 and Figure 5.15 allow the injected flow rates through a single orifice to be
compared for the common rail and mechanical injector respectively. Figure 8.6 shows
that the flow rate through a single orifice is between 8 mm3/s and 9.5 mm3/s in the
common rail tests while in Figure 5.15 the flow rate for the mechanical injector is seen
to be about 7 mm3. This difference is unlike what is expected considering the large
differences in pressures present in each system, and therefore, what is the advantage of
using the more complicated common rail system?
Besides the additional control that the common rail system offers, the common rail also
has better atomisation characteristics [13, 14, 17]. This can be shown by considering
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Figure 8.6: Flow rate versus time for 500 µs to 900 µs injection durations through one of the
six injector orifices.
the exit velocity of the fuel for the common rail and mechanical injection systems. The
exit velocity is simply the injected flow rate divided by the flow area:
V = Q/A.
For the mechanical injector the flow area A, can be calculated from the orifice diameter
of 0.24 mm to be 0.045 mm2. The flow area for the common rail injector is calculated
from the discharge orifice diameter of 0.173 mm and is 0.024 mm2. The exit velocity
is therefore 157 m/s and 340 m/s for the mechanical and common rail injector respec-
tively. This high exit velocity for the common rail injector means that there is much
more energy imparted to the system and the spray will atomise and penetrate better. The
extra velocity also introduces turbulence into the injected jet, which will help disperse
the spray. As a consequence, the air/fuel mixture is better when the common rail system
is used, which aids in reducing exhaust emissions.
The actual injection duration
From Figure 8.5, it can be seen that the actual injection time deviates slightly from the
specified energising time of the solenoid by considering the duration where each curve
is non zero. For example: a 500 µs injection duration actually lasted 800 µs. The same
delay can be seen for all the injections
The delay arises because the control volume requires time to pressurise fully before
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the injector will shut and the needle must then move into a closed position from its
fully open position. Inertia of the needle and the fluid will also contribute to this
phenomenon, but their effects will be small due to the large forces in the system.
It can be seen in Figure 8.5, that at 2.5 ms (which is 500 µs after injection was set to
start), the flow rate decreases indicating that the bleed orifice has closed and that the
state of the system has changed. Thus, even though the measured injection duration is
longer that what was specified, this is only due to the dynamics of the system.
Effect of the injection duration
In comparing the flow rates for different injection durations in Figure 8.5, it is seen
that the flow rate profiles are similar while injecting, but diverge as the injector closes.
During injection the pressure remains approximately constant (see Figure 8.3) and so
the flow rate profile can be expected to remain the same while injecting. Consequently,
determining if transient and cavitation effects occur cannot be done by only varying the
injection duration because they would occur identically in each test.
Apparent secondary injections
In Figure 8.5 it can be seen that after the injection, secondary smaller peaks exist,
suggesting that secondary injections occur. This is not the case; these apparent
secondary injections are only oscillations within the measurement system due to the
Akribis piston inertia that dominates after the sudden shut-off of the injector.
8.5 Pressure and flow rate
By combining the pressure and flow rate data, features become apparent that could not
be discerned by analysing each individually. This will show the delay between when
injection actually starts and when it is detected at the rail and the effect of water hammer
on the injection event.
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Detecting injection at the rail
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Figure 8.7: Rail pressure and flow rate versus time for the 500 µs injection.
Figure 8.7 shows the rail pressure and the flow rate superimposed upon each other,
showing the interaction between them. Surprisingly, the Akribis has measured 600
µs of injection before a pressure drop is experience at the rail, whereas it would be
expected that these events would occur simultaneously. This delay occurs because it
takes time for the pressure signal to travel from the injector to the rail. This pressure
signal travels at the speed of sound c, through the fuel, which is dependent on the
bulk modulus and density of the fuel as shown in the following equation presented by
Munson et al. [23]:
c =
√
β
ρ
.
The distance from the injector to the rail is approximately 80 mm. If a constant bulk
modulus of 1.8 GPa and density 850 kg/m3 between the injector needle tip and the
pressure sensor are assumed (based on Figure 2.3 and 2.4), then the time taken for
the pressure signal to travel from the injector tip to the rail can be calculated. Doing
this yields a delay of 550 µs, which is approximately what is observed in the results.
If a pressure transducer were placed close to the sac, the pressure would be more in
phase with the flow rate. Although the signal is delayed by 600 µs, it still yields
information about the pressure at the discharge orifice, albeit out of phase with the
measured injected flow rate.
Figure 8.7 shows that the rail pressure does not affect the injected flow rate for a 500
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µs injection because the pressure only drops in the rail close to the end of the injection.
This is because the duration is shorter than the time taken for the signal to reach the rail.
For very long injections this is not true and the rail pressure does have an effect on the
injection. This shows that knowledge or predictions of pressure closer to the injector
would be useful to understand more fully what is happening within the injector.
Water hammer
In Figure 8.8, the flow rate for a 2000 µs injection is presented. Although this injection
is significantly longer than what is typically used, it shows interesting features due to
its long duration. The injection duration is long enough that pressure signals begin to
affect the flow rate delivered later in the injection event.
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Figure 8.8: Rail pressure and flow rate versus time for a 2000 µs injection.
For the first millisecond of injection (from just after 1 ms to 3 ms) there is little
oscillation in the flow rate while the pressure signals are travelling through the volumes
of the injector to the rail and back again to the injector. However, from 3.2 ms (or 1.2
ms after the start of injection) there are more oscillations. Also at 3.2 ms, oscillations
are visible in the rail pressure, which are the pressure signals that are travelling within
the volumes of the injector.
It is reasonable to assume that these oscillations are due to the pressure signal created
by opening the injector when considering the time taken for the signal to be detected
in the rail. It was mentioned above that the injection event is only detected at the rail
approximately 550 µs after it has occurred. A return trip of the same signal would
take almost the same time, bringing the total travel time up to about 1100 µs. It is
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expected that the time taken for the return signal would be longer than the initial signal
to the rail because the pressure (and therefore bulk modulus and density) has dropped,
thereby lowering the speed of sound of the fuel. Water hammer effects also do not
cause significant changes to the flow rate for very long injections and therefore delivery
is unaffected by water hammer. This can be seen in Figure 8.8 where the average flow
rate is within an approximately 8% range throughout the majority of the injection. This
is completely unlike the flow rate predicted by the mechanical model where the flow
rate would decrease rapidly as injection proceeds.
8.6 Orifice pressure calculation
Knowledge of the flow rate measured by the Akribis makes it possible to calculate the
pressure before the orifice using Equation (8.1) which describes the flow rate through
an orifice [23].
Pinj = 2ρf
(
Q
naocd
)2
+ Pa. (8.1)
The sac pressure Pinj can be calculated with the injected flow rate Q, the Akribis
chamber pressure Pa, the fuel density ρf , the discharge coefficient cd and the orifice
area ao. Note that the injector has six orifices which must be taken into account to
calculate the area. In using Equation (8.1) some simplifications are made. A constant
discharge coefficient of 0.6 is assumed based on the calculation presented in Appendix
F. Although this is simplistic, especially in terms of transients and cavitation, it gives a
good indication of the pressure before the orifice during injection.
Equation (8.1) is used to calculate the pressure before the orifice for a 500 µs injection
and this pressure is shown in Figure 8.9. It can be seen that the pressure is at the
chamber pressure for all other times other than during injection. When the injector is
not injecting, the needle rests against the bottom of the injector and covers the orifice.
Thus, the orifice is separated from the rail by the needle and the pressure falls to the
chamber pressure.
At about 2.1 ms, the pressure increases gradually to about 130 MPa before a second
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Figure 8.9: Calculated pressure just before the discharge orifice versus time for a 500 µs
injection event.
increase which increases the pressure further to just over 150 MPa. Because the
injection duration is set at 500 µs, the bleed orifice would shut just after 2.6 ms, thereby
ending injection. Thus, at 2.6 ms the calculated pressure drops suddenly until it reaches
the chamber pressure again. The first pressure increase occurs while the needle is
lifting and therefore this pressure would be strongly affected by this motion. This may
explain why the pressure does not quite reach 140 MPa during this time as would be
expected. The peak pressure of 150 MPa suggested by the results is unlikely to occur
because the maximum pressure should not exceed the set point pressure of 140 MPa.
This pressure of 150 MPa can be attributed to the oversimplification of the discharge
coefficient since no other parameter in the calculation can vary. There is, however, no
way to determine an exact discharge coefficient or its variation during injection without
pressure measurements before and after the nozzle of the injector or by measuring the
pressure before the orifice and the flow rate through the orifice. Both methods are
extremely difficult to carry out due to the small and varying geometry of the injector
at the orifice and have not been attempted as this would fall outside the scope of this
project.
A comparison of the 500 µs injection flow rate in Figure 8.5 and the pressure in Figure
8.9 shows that their shapes are similar. This is because the flow rate and pressure are
proportional to each other. The pressure can be seen to increase rapidly and maintain
a high injection pressure, similar to the rail pressure, which maintains a large flow
rate during injection. Therefore the injection properties are improved in comparison
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to the mechanical injector. This high pressure (and flow rate) results in well atomised
and penetrating spray, particularly when compared to the mechanical injector where
the injection pressure was much lower. Accordingly, a good air/fuel ratio is achieved
within the combustion chamber, thereby reducing emissions.
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Common rail model validation
In is chapter, the results of the common rail simulations are presented. The results
obtained here are compared to the experimental results discussed in Chapter 8 to
validate the capabilities of the model. Where the experimental results and simulation
results agree and that feature is discussed in Chapter 8, only the similarity will be
mentioned here, the full details of the feature will not be discussed again. A sample of
the output file obtained from the C++ program is presented in Appendix E.
The results are divided into several sections. The discharge coefficient results show
the empirical values for cd,f and cd,b that were used. This section arises because of
the error in the solution that occurs when constant values for the discharge coefficients
are used. The sensitivity analysis shows the results obtained by varying other injection
parameters or fuel properties in the model and observing the change in the solution.
Lastly, the results from the simulation are interpreted and compared to the experimental
results.
As a matter of interest, a comparison between the C++ model and the Scilab model
is shown. Besides showing the improvement in using the C++ model, it also shows
the effect of using constant discharge coefficients in comparison to varying them
empirically according to the injection duration.
The simulations were all solved for five milliseconds, injection was started at one
millisecond by opening the bleed orifice.
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9.1 Discharge coefficients
The discharge coefficients used in the model are important because they influence the
model strongly. This section will motivate the need for a variable discharge coefficient
beyond that of what was mentioned in Chapter 6. The values for the discharge
coefficients need to be chosen empirically and justification for why these values are
reasonable need to be given.
Constant discharge coefficient
In the early stages of the model development, constant discharge coefficients for the
feed and bleed orifice were used. Figure 9.1 shows that the resulting flow rate versus
time was too square and the flow rate over-estimated the data slightly. The squareness
of the flow rate means that the amount of fuel delivered is also much higher. To make
the flow rate profile more rounded at the beginning and end of injection, different values
for the discharge coefficient was required. Further evaluation of the results revealed that
the required discharge coefficient to give agreement with experimental data also varied
according to the injection duration. This is because a single discharge coefficient value
represents an average of what occurs over the entire injection. For very short injections,
the transient fluid behaviour dominates the solution, whereas long injections have, on
average, more steady flow. Thus, the discharge coefficients need to vary according to
the injection duration.
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Figure 9.1: Flow rate versus time for experimental and simulated results.
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Variable discharge coefficient
The bleed and feed orifices directly control the behaviour of the injector as they form
part of the control system and thus, they are the only orifices that require varying
discharge coefficients. Later in Section 9.2 where the sensitivity analysis is discussed,
this will be shown to be true.
The values for the bleed and feed orifice discharge coefficients were chosen empirically
such that the injected flow rate matched the results from Chapter 7. Chung et al.
[38] also found that it was necessary to include varying discharge coefficients for the
entrance and exit orifices from the control chamber above the plunger. The values for
these discharge coefficients are shown in Figure 9.2 and 9.3. The plots show the average
discharge coefficients versus the injection duration that give good agreement.
 0
 0.05
 0.1
 0.15
 0.2
 0.25
 0.3
 0.4  0.6  0.8  1  1.2  1.4  1.6  1.8  2
D
is
ch
ar
g
e 
co
ef
fi
ci
en
t
Duration [ms]
Best Fit
Simulation
Figure 9.2: Values of the bleed orifice discharge coefficient cd,b, versus the injection duration
and the best fit equation through the data.
Figure 9.4 shows how the solution is improved by using variable discharge coefficients
for a 500 µs injection. It can be seen that the injection duration, average injected flow
rate, the rate at which the flow rate reaches its maximum and the way it drops off at
the end of injection for the simulation matches the experimental results better. It is
expected, due to the very short injection durations, that the flow within the injector
would be transient and therefore the discharge coefficients would be dependent on
time, thereby justifying the need for different values of discharge coefficient for each
injection duration. Very little work has been done on transient discharge coefficients
and so steady state theory has to be used to attempt to explain the values that were used
for the bleed and feed discharge coefficients and the difference between them. This
121
9.1. DISCHARGE COEFFICIENTS COMMON RAIL MODEL VALIDATION
 0
 0.2
 0.4
 0.6
 0.8
 1
 0.4  0.6  0.8  1  1.2  1.4  1.6  1.8  2
D
is
ch
ar
g
e 
co
ef
fi
ci
en
t
Duration [ms]
Best Fit
Simulation
Figure 9.3: Values of the feed orifice discharge coefficient cd,f , versus the injection duration
and the best fit equation through the data.
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Figure 9.4: Simulated and experimental flow rate versus time for a 500 µs injection with varying
discharge coefficients.
steady state theory however, cannot be used to obtain precise values for the discharge
coefficients.
Consequences of variable discharge coefficients
Choosing a single discharge coefficient for each injection duration allows the model to
fit the data, but the approach is simplistic. It gives the impression that the discharge
coefficient values are constant during the injection and vary only with the injection
duration. This is untrue; the discharge coefficient will vary with time as is seen in
Section 8.6 where the injection pressure exceeded the rail pressure due to a constant
discharge coefficient assumption. The values for the discharge coefficients presented
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are merely values that fit the data. The empirical approach does not show if the flow
through the injector is turbulent, laminar or cavitating.
It should be recognised that other values of cd,b and cd,f would also allow the simulated
flow rate to match the measured flow rate, and the values of the discharge coefficients
are coupled. A change in one discharge coefficient will result in a change in the other.
Thus, there could be many combinations of values that would allow the flow rates to
match. It was attempted to select realistic values for the discharge coefficients based
on what typically occurs on the geometry specific to that orifice. The geometry of the
orifices can be seen in Figure 6.1.
The empirical constants are based on the results for a 1400 bar rail pressure. It is
uncertain whether the discharge coefficients shown in Figure 9.2 and 9.3 would be
relevant at other injection pressures. A simulation carried out at another pressure would
not be wrong in terms of the injector behaviour, but the accuracy of the simulation may
be compromised.
Justification for the chosen discharge coefficients
Figures 9.2 and 9.3 show that the bleed orifice has a smaller discharge coefficient than
the feed orifice. A lower value for the bleed orifice discharge coefficient is expected
as a result of its geometry in comparison to that of the feed orifice. The feed orifice
has a gradual transition from the large pipe diameter to the feed orifice that will reduce
the restriction to the flow of fuel offered by this orifice. This is a typical result from
steady state analysis of flow through orifices. Conversely, the bleed orifice has an abrupt
change of area, with an orifice in the centre of another orifice. Both these geometrical
features are shown in Figure 6.1.
If the distance between the feed and bleed orifices is not sufficient for the flow to
become laminar, then coupling between them will occur. Consequently, the overall
constriction is not just due to the smallest constriction, but due to the combined effect
of both orifices. This is because the flow is still disturbed by the time it reaches the
second orifice. The nature of how these two closely located orifices will jointly restrict
the flow is not well understood.
123
9.1. DISCHARGE COEFFICIENTS COMMON RAIL MODEL VALIDATION
A further complication exists where needle motion introduces a flow rate into or
out of the control volume by either entering or leaving the volume, resulting in two
flow streams merging perpendicularly. This results in turbulent flow that will cause
additional restrictions to the passage of the fuel through this volume [42]. This
turbulence is dependent on the difference in velocities of the flows.
The losses associated with the merging of flow have been plotted against the ratios of
the different flow rates by Idelchick [42]. The inclusion of this data into the model
is however difficult because the flow rate and the losses are dependent on each other.
Idelchick also discusses the losses associated with flow in curved passages. The feed
orifice and the bleed orifice are perpendicular to each other. Therefore the flow needs
to curve, as if moving around a corner, to compensate for this orientation of the
orifices in addition to the flow provided by the needle motion. The curving of the
flow introduces turbulence and pressure gradients within the control volume that cause
losses that are dependent on the radius of curvature [42]. Quantification of these losses
is impossible without accurate knowledge of the flow regime and structure within the
volume. Therefore the different losses that occur within the control volume from before
the feed orifice to after the bleed orifice are:
• the feed orifice discharge coefficient,
• the bleed orifice discharge coefficient.
• the merging of the flow through the feed orifice and the artificial flow due to the
needle motion and,
• the curvature of flow that occurs in the control volume due to the orientation of
the orifices.
Inclusion of each of these topics to construct accurate discharge coefficients and loss
parameters into the model would be very difficult. The easiest way of approaching this
problem is to use computational fluid dynamics (CFD). Complications arise because
many of these losses are dependent on the flow rates. Thus a CFD model that includes
the entire injector would be required. A CFD analysis was not attempted for this project
because the detailed geometry required for its implementation was not available and
could not be gained from the injector supplier. The losses due to merging and curved
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flow would all act cumulatively to cause a very low bleed orifice discharge coefficient.
This is why the bleed orifice discharge coefficient shown in Figure 9.2 generally shows
lower values than the feed orifice discharge coefficient in Figure 9.3.
Some of the discussions above, for example curved flow in channels or diversion of
flow, are features that occur in other places within the injector. These cases have not
been analysed because the model has been found to be most sensitive to the losses at
the feed and bleed orifices.
In Figure 9.2 and 9.3, it can be seen that the discharge coefficients decrease when the
injection duration increases up until about 800 µs when a constant value is reached.
In the early stages of injection, vena contracta have not yet formed and the flow is
unrestricted. Thus, very high coefficients can be expected. The discharge coefficient
decreases rapidly with time as the vena contractas develop. Although Figure 9.2 and
9.3 are very simple approximations of what really occurs, they do show these features
well.
It can also be seen that for very long injection durations, the values of cd,b and cd,f
become constant for injection durations longer that 0.8 ms. This indicates that the
system is at steady state, and the early transient periods do not dominate the behaviour
of the injector.
The dependence of the discharge coefficients on the transient flow becomes apparent
when attempting to select values of cd,b and cd,f for very short injections. It is very
difficult to select values that give the right rate shape at the opening and closing time
as well as the right delivery. This is because for very short injection durations transient
flows dominate the behaviour of the injector and the flow rate profile, and selecting
a single average value is not an adequate approximation. Conversely, for very long
durations the discharge coefficients used are likely to be very close to the correct values
since the transient flows no longer dominate the solution as is the case with short
injection durations.
125
9.2. SENSITIVITY ANALYSIS COMMON RAIL MODEL VALIDATION
-30
-20
-10
 0
 10
 20
 30
-20 -10  0  10  20
D
el
iv
er
ed
 v
o
lu
m
e 
ch
an
g
e 
[%
]
Parameter variation [%]
cdd,b
cdd,f
cd
Needle/plunger mass
Supply pressure
Volume 1
Volume 2
Line volume
Bulk modulus
Lift limit
Nozzle radius
Figure 9.5: Delivered volume change versus parameter variation for the 500 µs injection.
9.2 Sensitivity analysis
A sensitivity analysis shows how the solution is changed by a variable that cannot
be precisely defined. Selected variables were changed independently, the solution
recalculated and the resulting change can therefore be quantified. Five variations of
each variable were used: a reference value and a value ten percent and twenty percent
above and below the reference. The sensitivity analysis was carried with the discharge
coefficients discussed in Section 9.1.
The sensitivity analysis for a 500 µs injection was carried out on the following
parameters: discharge coefficients, the needle mass, the rail pressure, the line volume,
the density of the fuel, the internal injector volumes, the needle lift limit and the radius
of the discharge orifice. Figure 9.5 shows the percentage change in delivery (as a
volume) for the percentage variation of the chosen parameters. Larger variations in
the delivery indicate greater sensitivity of the injection to that variable.
In Figure 9.5, the density results have not been shown because density will cause a
change in both the mass and the volume of fuel delivered during the injection. The
sensitivity analysis for density will therefore be shown separately in Figure 9.12.
It can be seen in Figure 9.5 that some of the parameters varied have a strong influence
on the solution. If the flow rate profiles are considered, then the way in which the
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parameters alter the injection event can be better understood. A schematic of a typical
flow rate versus time plot is shown in Figure 9.6. This schematic will aid in identifying
which stages of the injection event are changed by different parameters.
Figure 9.6: The schematic of the flow rate profile versus time from the simulations showing the
opening and closing time definitions.
The opening time is how long the flow rate takes to reach its peak once injection has
begun. This is the time it takes for the needle to stop lifting, allowing the pressure to
build in the sac. The closing time is from when the flow rate decreases from the peak
value to zero whereupon injection ends. If the opening time is short, then the response
of the injector is fast and the maximum flow rate is reached quickly, thus forming a well
atomised spray. A fast closing time means the delay between closing the bleed orifice
and the termination of injection is short which is desirable for controlling injection. The
opening and closing time of the injector is strongly influenced by the feed and bleed
orifice discharge coefficients, as will be shown below.
The bleed orifice
An investigation of the bleed orifice discharge coefficient is carried out because it was
found to have such a strong impact on the solution in Section 9.1. Because this value
had to be chosen empirically, it is necessary to evaluate how different values would
alter the solution.
Figure 9.5 shows that a 20% decrease in the bleed orifice discharge coefficient reduces
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the amount of fuel delivered. This difference from the reference values is significant,
being larger than that caused by any of the other values of the discharge coefficient. To
understand why this variation occurs, Figure 9.7 is presented which shows the flow rate
versus time for the injections.
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Figure 9.7: Flow rate versus time for the sensitivity analysis performed on cd,b for a 500µs
injection.
In Figure 9.7, it can be seen that for a discharge coefficient 20% lower than the reference
value, the injector has almost not even opened, and the flow rate is completely stunted.
Since the flow at the bleed orifice is restricted more, very little fuel is released when the
orifice is opened. Consequently, the pressure exerted on the needle remains high and
the injector cannot open fully resulting in the reduced flow rate seen in Figure 9.7. This
is detrimental for the engine because not enough fuel is injected into the combustion
chamber and the injection velocity is low. Thus, the fuel will most likely not combust
completely and efficiently, resulting in more emissions.
The other percentage changes in the discharge coefficients also affect the initial injected
flow rate as seen in Figure 9.7. A larger value of cd,b results in a greater initial rate of
delivery with a more square-shaped profile, whereas smaller values of cd,b result in more
rounded flow rate profiles. Thus, the opening response time of the injector is sensitive
to the restriction at the bleed orifice. Because the bleed orifice is shut at the end of
injection, it can have no effect on the closing time of the injector. This explains why
the flow rate curves are similar from about 1.75 ms to 1.8 ms when injection ends.
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Figure 9.8: Flow rate versus time for the sensitivity analysis performed on cd,f for a 500µs
injection.
The feed orifice
In Figure 9.5, showing the sensitivity of the feed orifice discharge coefficient, an
anomalous variation occurs when the constriction at this orifice increases. This
variation is not as pronounced as in the case of the bleed orifice variation.
Figure 9.8 shows the flow rate results for each variation of the feed orifice discharge
coefficient. It can be seen that it is the opening time that changes most severely when
this coefficient is varied. The anomalous variation in flow rate arises because the
constriction the control volume is filled more rapidly with fuel from volume 1 and the
opening time is decreased. Therefore, if the constriction is very small, as in the twenty
percent larger coefficient simulation, the pressure in the control volume is maintained
and the injector cannot open properly. Thus, a change in feed orifice discharge coeffi-
cient affects the solution oppositely to the feed orifice discharge coefficient. Figure 9.8
shows that the closing time of the injector is also altered by the feed coefficient. With
less constriction at this orifice the control volume is filled faster, thereby maintaining a
higher pressure in the volume for longer. Thus the injector will open slowly and close
quickly.
Because the bleed orifice is closed at the end of injection, the discharge coefficient for
the feed orifice is most likely correct during this time. This can be said because the
closing rates of the injector match well with those of the experimental results seen in
Figure 8.5.
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The overall discharge coefficient
It was proposed above that the flow will experience little constriction due to vena
contractas and cavitation at the start of injection, resulting in a discharge coefficient
close to unity. This applies to all constrictions within the injector. As vena contrata
and cavitation develop, the discharge coefficient will vary to account for these changes.
Thus, the overall discharge coefficient will also vary with time. In the model however,
the overall discharge coefficient is constant and therefore a sensitivity analysis on
this coefficient is performed. Although the general discharge coefficient is for all the
constrictions between the adjacent volumes shown in Figure 6.1 (excluding the feed and
bleed orifices), the smallest is at the nozzle. This constriction therefore dominates the
dynamics of the entire system. The effect of varying the overall discharge coefficient on
the delivery can be seen in Figure 9.5. It shows that decreasing the discharge coefficient
cd (or increasing the constriction) reduces the amount of fuel delivered, as well as the
maximum rate at which the injection occurs. This result is expected because flow rate
is proportional to the discharge coefficient. In the model, the discharge coefficient was
constant throughout the injection. In reality, it would vary with time resulting in more
oscillations in the injected flow rate. This could explain the oscillation in the flow rate
seen in the experimental results and its absence in the simulations.
In Figure 9.9, the flow rate versus time for the five injections is presented because it
shows that the flow rate is affected differently by the overall discharge coefficient in
comparison to the bleed and feed orifices.
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Figure 9.9: Flow rate versus time for the sensitivity analysis performed on the overall discharge
coefficient, cd for a 500µs injection.
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Figure 9.9 shows that unlike cd,f and cd,b, the opening and closing response times are
unaffected by the overall discharge coefficient since this coefficient is not part of the
control of the system. The rise times and closing times can be seen to be the same for
all the variations of the overall discharge coefficient. The injection duration is therefore
the same for all variations of the discharge coefficient. Only the steady state flow rate
that occurs in the middle of the injection duration varies.
Needle mass
This sensitivity analysis illustrates the importance in specifying the magnitude of the
needle mass, particularly because a rapid response of the needle is required and inertia
of the needle will influence this. The measured mass of the needle, plunger and shim
was 14.0 grams. The scale used was accurate to one gram, thus any error is less than
10%.
Figure 9.5 shows that the error introduced by the needle mass is very small. This is
because the pressures and forces that act on it are large in comparison to its mass and
any inertia that it possesses.
Rail pressure
This sensitivity analysis is not performed as an investigation as to how the injection
characteristics vary when the injection pressure is lower or higher. Rather, it is carried
out to justify the assumption that the rail pressure is constant. Investigating how the
spray varies due to the injection pressure is a well explored topic [10, 13, 17] and is not
necessary.
The rail pressure is an important parameter to perform a sensitivity analysis on because
of its variation with time. There are two reasons for this variation. Firstly, the pressure
oscillates due to the pumping and relieving of pressure to maintain the rail at its set
point pressure. Secondly, the pressure varies during injection as seen in Figure 8.3 due
to the injection event.
The pressure drop due to the injection event in the experimental results can be seen in
Figure 8.7. The pressure drops from 142.0 MPa to 131.0 MPa; this is an 8% drop in
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pressure over the injection event. The sensitivity analysis was carried out with a 20%
variation in the pressure for a comparison. By doing this, the effect of a pressure drop
on the simulation is tested by exaggerating its magnitude and duration.
Figure 9.5 shows that the delivery changes by only 20% percent across the pressure
variation of 20% above and below the reference pressure of 140 MPa. This is for the
entire injection duration, which is unlike the experimental results where the pressure
decreased during injection. Thus, the smaller variations that are shown to occur during
injection in Figure 8.3 will not have a large effect on the volume of fuel delivered. This
shows that the assumption of a constant rail pressure to be reasonable.
System volumes
The line volume is varied because it is difficult to measure accurately and this could
introduce errors into the solution. If the volume is large then it begins to behave as an
accumulator that would be unaffected by minor oscillations. Conversely, if the volume
were small then the solution would be sensitive to this volume. The volumes, v1 and v2,
within the injector are especially difficult to measure because of their size and location
in the injector and therefore a large error could be expected in the values selected for
the model. Thus, a sensitivity analysis on these volumes is most certainly required.
Volume 1 and 2 would affect the solution in a similar way to the line volume. These
volumes are however significantly smaller and thus the solution is expected to be more
sensitive to their variation because dP/dt is inversely proportional to volume.
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Figure 9.5 shows that the volume of fuel delivered is independent of any of the injector
volumes that were changed for the simulation, within the 20% upper and lower bound of
the reference value. By noticing the magnitude of the pressure changes of the fuel that
occur within the injector in Figure 8.3, showing the experimental results, and Figure
9.10, showing the simulation results, it is seen that the pressure change with time is
small and therefore dP/dt tends to zero. Thus, the flow rate in almost cancels with a
flow rate out of a volume and thus dP/dt the respective volume is also close to zero. A
variation in any volume would therefore have negligible effect on the solution.
The simulation exaggerates this apparent independence because the rail pressure is
assumed to be constant throughout injection and therefore dP/dt in the rail is zero. The
rail maintains a more uniform pressure throughout the system, damping any pressure
variation in the volumes. In reality more variation in the pressure can be expected,
and therefore the results would in fact be more sensitive to changes in the sizes of the
volumes.
It was discussed in Chapter 7 that the line volume affects the delay between when the
injector is opened at the time when this event is detected at the rail. Despite this, it is
expected that the amount of fuel that is delivered would be approximately the same,
regardless of the change in volume of the line. The time that the pressure signal takes
to travel through the line cannot be predicted by the model due to the instantaneous
response of the pressure in a volume to a pressure change in an adjacent volume.
Bulk modulus
A sensitivity analysis is conducted on the bulk modulus because it varies for different
fuels like diesel or DME which may at a later stage be tested. In addition, the bulk
modulus can also vary if there are contaminants in the fuel and with temperature.
In Figure 9.5, the change in volume delivered for the different bulk moduli is ap-
proximately zero. This result is unexpected because in Equation (6.11), dP/dt (and
therefore the injected flow rate) is directly proportional to the bulk modulus. As with
the internal system volumes, because dP/dt tends to zero throughout the solution, any
variation in the bulk modulus will have a negligible effect on the solution. Again,
like the system volumes, the constant rail pressure assumption may exaggerate this
133
9.2. SENSITIVITY ANALYSIS COMMON RAIL MODEL VALIDATION
apparent independence and in reality the delivery may be more dependent on the bulk
modulus than what is shown here. A consequence of this result is that if the test fluid
were changed so that the bulk modulus was different, the change in delivery would
be minimal. As the injection flow rate would be similar, so would the initial jet exit
velocity. Thus, the initial atomisation of the spray would also be similar. This does not
imply anything about the spray structure when it has fully evolved, as a different bulk
modulus may cause different atomisation, dispersion or penetration characteristics.
Needle lift limit
Because the limit on the needle lift is difficult to measure and it changes due to wear on
the shims, a sensitivity analysis is required. In Figure 9.5, the maximum variation in the
volume of fuel delivered is 8% for a 20% change in the limit. Therefore, when the shims
wear down, more fuel is injected. This occurs because the distance that the needle must
travel before closing the injector is different for each limit value. If the distance that the
needle must travel is large, then the injector will remain open for longer and more fuel
will be injected. The converse is true if the distance that the needle must travel is less.
In Figure 9.11, it can be seen that the time when injection finishes, increases for
increasing lift limits. Because the injection duration is 500 µs and the bleed orifice
is opened at 1 ms then ideally the injection should end at 1.5 ms A twenty percent
decrease in the needle lift limit results in a shorter injection, ending at approximately
1.7 ms, as opposed to about 1.85 ms for a twenty percent larger limit. Therefore when
the needle lift limit is small, the injector closing time is better, giving the best response,
taking only 200 µs to close. Large lift limits, also have an abrupt drop off in the flow
rate, but they occur a long time after the injector should ideally have closed. This
delay arises because the needle lift has further to travel from its fully open to a closed
position.
Figure 9.11 shows that the average flow rates are all about 49 mm3/s during the main
part of injection. The flow rate therefore is not significantly influenced by the needle
lift limit. From this it can be said that the flow area created by the needle as it opens
does not alter the injection rate and is not a dominant constriction to the system.
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Figure 9.11: Flow rate versus time for the sensitivity analysis on the needle lift limit for a 500µs
injection.
Discharge orifice radius
The radius of the discharge orifice is an important parameter as it is the final restriction
between the fuel leaving the injector and entering the chamber. The effects of wear
are expected to be negligible because tough materials are used to withstand the high
temperatures and pressure occurring during combustion. Variations in the orifice radius
are most likely to be introduced by measurement errors, which occur due to the small
size of the orifices and if the injector is changed. Figure 9.5 shows that besides the
bleed and feed orifices, the nozzle orifice radius has the largest effect on the amount
of fuel that is delivered by the injector. As the orifice radius increases, so too does the
amount of fuel delivered. This is expected as the flow rate is directly proportional to
the flow area of the orifice.
Density
During injection, the density can vary due to temperature and cavitation, the effects
of which have not been included in the model. Thus the need exists to evaluate the
sensitivity of the solution to density. Cavitation causes localised variations in density as
unstable vapour bubbles (with a low density) collapse to form pressure concentrations.
External factors that may cause density variation are the usage of different fuels (such
as DME or biodiesel) or slight differences in the simulated and actual fuels properties.
In the model, fuel property data from Catania et al. [32] was used instead of measuring
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the actual fuel properties which could be slightly different simply due to different
measuring conditions. Of all the ways that variation in density could arise, a change of
fuels would have the greatest effect. Temperature would only cause a small variation in
density and cavitation would only cause localised variations in density.
Figure 9.5 shows the variation in the volume delivered during a simulated injection
event. The mass delivered would show a proportional variation to the volume delivered
when the density is constant and therefore has not been included for the sensitivity
analysis on any of the other parameters investigated. When the density is no longer
constant, both the mass and volume of fuel delivered will change and therefore both
have to be shown together to interpret the results correctly. Figure 9.12 is presented
which shows the change in volume and mass delivered for a variation in density.
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Figure 9.12: Percentage variation in volume and mass delivered for the sensitivity analysis
performed on density for a 500µs injection.
Figure 9.12 shows that the volume delivered increased by about 10% for a 20% decrease
in density, but the mass delivered decreased by 15%. For a 20% larger density, the mass
delivered increases by 12% while the volume delivered decreased by 6%. Thus, on
average, more mass is delivered when the density is increased, even though the volume
of fuel decreases. The figure also shows the injected volumetric flow rate versus time.
The mass flow rate need not be presented because it will provide no more information.
In Figure 9.13, it can be seen that a lower density results in a higher injected flow rate
and therefore a higher spray exit velocity from the injector, resulting in better spray
properties for combustion. However, the mass delivered decreases, which means that
there would be a slight decrease in power as there is less fuel available for combustion.
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Figure 9.13: Volumetric flow rate versus time for the sensitivity analysis performed on density
for a 500µs injection.
In addition, the opening and closing time of the injector varies slightly when the density
changes. For low fuel densities, the opening and closing time of the injector is longer
than at higher densities. This is because the flow rate into and out of the control volume
is influenced by density and therefore it also affects the rate of pressure release in this
chamber which controls injection.
Injector diagnosis
The sensitivity analysis, besides showing where problems could have arisen in the
selection of values for the model, also provides insight into how wear within the injector
changes the delivery and what results can be expected for different test conditions.
Square-shaped rate profiles would indicate that the bleed orifice has worn out, whereas
rounder profiles indicate the wear has taken place on the feed orifice. Longer injections
indicate wear either on the shims or on the feed orifice. Determining which has worn
requires consideration of the opening time of the injection as well. If the opening time
is unchanged, the shims are worn because this is the only parameter that the shims have
been shown to have an influence over. If both the opening time and the duration have
increased, then wear on the feed orifice is responsible, as it alters both these parameters
simultaneously. A faster flow rate and more delivery in the same amount of time as
normal would indicate that the injector nozzles have worn and become larger.
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9.3 Scilab vs. C++ model
A comparison between the C++, Scilab and experimental results are shown in Figure
9.14 which shows the injected flow rate against time. This shows the improvement that
is gained in the conversion from Scilab to C++.
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Figure 9.14: Flow rate versus time for Scilab, C++ and the experimental results.
In Figure 9.14, it can be seen that C++ and Scilab both predict the average flow rate
well, but only the C++ model matches the profile closely. This difference between C++
and Scilab is significant because it will affect the amount of fuel that is delivered and
which Scilab severely over predicts. Table 9.1 shows the important differences between
the C++ and Scilab model.
Table 9.1: Comparison of the features of the C++ and Scilab models.
Parameter Scilab C++
Time step size 10−8 s 10−9 s
Number of volumes Three Eight
Bulk modulus varied No Yes
Density varied No Yes
Variable discharge coefficients No Yes
Akribis included No Yes
Constant Rail pressure Yes Yes
The main reason for the improved solution is the inclusion of variable discharge
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coefficients. This could be implemented in the Scilab model, but it would be more
time consuming than using C++. It was shown in Section 9.2 that the dependence of
the solution on the bulk modulus and density was insignificant and therefore it would
be unexpected that it would be the cause of the differences between the C++ and Scilab
model. Including more volumes into the solution does improve the accuracy of the
model, but not as much as by varying the discharge coefficients. The rail pressure was
constant in both models, so that is not the cause of the differences between them. The
main advantage of using the C++ model is the ease with which additional equations
that take into account different components in the injector can be included.
9.4 Injector pressures
Figure 9.15: Electronically actuated common rail injector showing the different components
and internal volumes that are needed for the model.
Figure 6.1 has been repeated here to remind the reader of the different volumes within
the injector.
The internal injection pressures for the rail, line, volume 1 and volume 2 were calcu-
lated and are presented in Figure 9.16. This figure is identical to Figure 9.10 presented
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earlier, but has been reproduced again because of its relevance here. Figure 9.16 shows
the pressures in the rail, the line, volume 1 and volume 2 throughout the injection. The
sac and control volume pressure have been shown separately in Figure 9.17 because
their variation over the injection event is larger.
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Figure 9.16: Pressure versus time for a 500 µs injection for the rail, line, volume 1 and volume
2.
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Figure 9.17: The pressure versus time for a 500 µs injection for the sac and control volumes.
The pressures in the control, sac and line volumes are discussed below. The control
volume is discussed because it controls the behaviour of the model, the line pressure
represents what can be measured on the test stand and the sac pressure represents the
injection pressure.
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Pressure signal delay
In Section 8.6 it was shown that there are delays between the actual injection event
and its detection by the pressure transducer in the rail. This delay means that the rail
pressure at the start of injection is unaffected by the injection, because the pressure
signal from the nozzle has not yet reached the rail. In the construction of the model, the
injector has been modelled as a series of volumes that can respond instantaneously to a
pressure disturbance in any adjacent volume. Since all the volumes are adjacent to each
other, and they all respond instantly to a disturbance, they are all in fact responding to
that disturbance simultaneously. Therefore, any disturbance in pressure anywhere in
the injector, is detected immediately in all other volumes in the injector. Thus, as
soon as fuel is injected, the pressures will drop which can be seen in both Figure 9.16,
where all the internal pressures drop simultaneously when injection is initialised at one
millisecond. This illustrates the difference between the simulation and what actually
occurs. With knowledge of the difference between the model and the experimental
results, the model can be analysed.
Control volume pressure
Figure 9.18: A schematic of the control volume pressure versus time.
A schematic of the control volume pressure showing the notable features is presented in
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Figure 9.18. In this figure, it can be seen that the time when the bleed orifice is opened
and injection starts, is different. This occurs because the pressure in the control volume
needs to drop sufficiently so that the net force acting on the needle can lift it off its seat
to allow injection to begin. Thus, at the time when the pressure in the control volume
reaches its minimum, injection will start. Figure 9.17 shows that this pressure drop is
rapid, indicating that the injector responds quickly when the bleed orifice is opened.
The magnitude of the pressure drop shows that a large pressure drop is required before
the needle will lift. For this simulation, the pressure has dropped approximately 70
MPa from 140 MPa.
The pressure in the control volume starts to rise as seen in Figure 9.17 and 9.18. This
pressure rise occurs because the fuel in the control volume is compressed by the needle
as it lifts. (See Equation (6.11) to see how the pressure in any volume is dependent on
the volume).
The high frequency oscillations have not been shown in Figure 9.18 but can be seen
in Figure 9.17. These oscillations arise when the needle travels too far into the control
volume. If it travels too far, it interacts with the upper boundary of the control volume
and bounces back down. While in contact with the upper boundary of the volume, the
needle prevents flow from exiting via the bleed orifice. The remaining volume in the
control chamber is small and consequently the pressure here becomes sensitive to the
needle motion and any inlet flows from volume 1. The control volume then pressurises
and de-pressurises quickly during this time, which is the high frequency oscillations
seen in Figure 9.17. This results in rapid, large fluctuations in the pressure. When the
injections are short, such as pilot injections, the needle may not travel far enough to
reach the roof of the chamber, and the high frequency fluctuation stage of the injection
would not occur. It would simply lift slightly, and then close. This feature was also
observed by Lee et al.
The end of this high frequency stage marks the closing of the bleed orifice. The
oscillations stop because fuel is only flowing into the control volume and not leaving via
the bleed orifice anymore. The needle can only close to compensate for the building up
of fuel within the control volume. The pressure proceeds to drop because the chamber
volume is increasing as the needle moves down. The final abrupt change in the control
volume pressure occurs when injection stops, the needle is closed and the pressure can
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once again return to the rail pressure.
Pressure features in the internal injector volumes
A fundamental difference between the model and the experimental results is the rail
pressure. In the model, the rail pressure was assumed to be constant which obviously
is not the case. This difference can be seen by comparing the rail pressure for the
model in Figure 9.16 and the experimental rail pressure in Figure 8.7. Nevertheless,
certain behaviours of the line pressure in the model mimic the behaviour of the rail
pressure from the experiments seen in Figure 8.7 or shown schematically in Figure 8.4.
Many of the features have already been discussed in Section 8.3, and therefore need
not be repeated here. Similarities will be pointed out since they demonstrate that the
model behaves in a comparable way to reality. The line pressure result from the model
is compared to the rail pressure from the experiment because the line is the closest
volume to the rail.
Both the experimental results and the model show a drop in the rail and line pressure
respectively; because the rail pressure remains constant throughout injection, the
severity of the pressure drop in the line is damped by essentially having an infinite
reservoir to restore it to the set point pressure. If the system was not modelled in this
way, then the drop in pressure due to injection would be larger than what is shown in the
model. Despite this infinite reservoir, the other internal volumes experience a pressure
drop due to an injection event. Two observations about this pressure drop can be made.
Firstly, the magnitude of the drop due to injection is smaller in the model, as observed
when comparing Figure 8.7 and 9.16. This is due to the damping provided by the rail
mentioned above. The experimental results indicate a pressure drop of about 8 MPa
whereas the model shows a drop of only 2 MPa. This difference appears large but
actually translates into a difference in injection pressure of less than 5%. Importantly,
the response to the opening of the injector is correct, including the pressure relief time
discussed in Chapter 8.
Secondly, in Figure 9.16 it can be seen that pressures in volumes 1 and 2 respond
immediately to the opening of the bleed orifice and the start of injection. If the time
taken for the signal to travel through the injector were included, this would not occur.
143
9.4. INJECTOR PRESSURES COMMON RAIL MODEL VALIDATION
 0
 20
 40
 60
 80
 100
 120
 140
 0  0.5  1  1.5  2  2.5  3
S
ac
 p
re
ss
u
re
 [
M
P
a]
Time [ms]
SOI
Psac
Figure 9.19: Sac pressure versus time for a 500 µs injection.
Instead, the pressure in volume 1 would decrease and then only would the pressure
in the line and volume 2 would decrease. This would correspond to the delay that is
observed in Figure 8.7.
Following the large pressure drop, there is an increase in the line pressure similar to
the experimental results. This pressure coincides with the end of the needle motion
after which small pressure oscillations then occur in the volumes. The oscillations are
smaller than those that occur in the control volume that were discussed above are due
to the flow occurring from the control volume and feeding into the other volumes. The
magnitude of the oscillations is smaller because volume 1 is larger than the control
volume, thereby dampening the oscillation. Equation (6.11) shows that the change in
pressure within a volume is inversely proportional to the volume of the chamber. The
end of the oscillation stage once again marks the point where the bleed orifice closes,
and the needle then begins to close and the pressures in volumes 1 and 2 become the
same as the rail pressure.
Figure 9.16 shows that the internal pressures during injection decrease from the rail to
the nozzle tip. This result is encouraging because the pressure should be lowest in the
sac during injection and largest at the rail. The pressures in the intermediate volumes
should fall between these limits, which they do.
The injection pressure
Figure 9.19 shows that the injection pressure is 130 MPa which is about 7% lower
than the rail pressure. Thus when estimating the spray characteristics in a common rail
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setup, the injection pressure is similar to the rail pressure. This is unlike the mechanical
injector where the line and opening pressures cannot be used as approximations of the
injection pressure.
Figure 9.16 shows that the injection pressure in the sac is higher after injection than
it was before injection. This is due to the artificial volume that was created so that
the injection pressure could be determined in the simulation. Without this volume, the
pressure further upstream of the orifice would have to be used, for example, the pressure
in volume 2. When the needle closes, this volume becomes separated from the chamber
and becomes pressurised by the needle and therefore the higher pressure in the volume
after injection than before.
9.5 Test pressure input
The model was adapted to use the measured rail pressure from Chapter 7 as an input.
This will show how pressure fluctuations during injection will affect the delivery and
allow the results to be compared it those of the constant rail pressure input. This
is similar to the sensitivity analysis and will help justify the constant rail pressure
assumption that was used in the model.
Pressure result
The pressure results are shown in Figure 9.20 for the rail, line, volume 1 and volume 2
and in Figure 9.21 for the sac and control volume. These figures should be compared
to Figures 9.16 and 9.17, where the constant rail pressure assumption was used.
In Section 8.5 it was shown that there is a significant delay in the detection of the
injection event at the rail. For this simulation, the point where the injector opened was
set to coincide with the first pressure drop in the rail pressure. This decision was made
because the speed of sound in the fluid was neglected and the injection event would
therefore be in phase with the pressure drop.
Comparing Figures 9.16 and 9.20, it can be seen that when the experimental rail
pressure is used in the model, the pressures in the line, volume 1 and volume 2 are
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Figure 9.20: Pressure versus time for a 500 µs injection for the sac and control volumes using
the experimental rail pressure as the input pressure.
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Figure 9.21: Pressure versus time for a 500 µs injection for the rail, line and volume 1 and
volume 2 using the experimental rail pressure as the input pressure.
lower than when a constant rail pressure is used. Nevertheless, the pressures in these
volumes still follow the rail pressure closely. Although, the differences in pressures
between the simulations with constant and experimental rail pressure appear large, in
comparison to the set point pressure of 140 MPa, the differences are in fact small. This
has already been shown to be true in Section 9.2 where the sensitivity analysis was
carried out.
Flow rate comparison
Figure 9.22 shows the rate versus time for the experimental results, constant and
external rail pressure simulations. In Figure 9.22 it can be seen that taking the rail
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Figure 9.22: Flow rate versus time for a 500 µs injection showing measured results and
simulated results for both constant rail pressure and measured rail pressure inputs.
pressure into account does not alter the duration of the injection nor the average injected
flow rate. This test once again shows the sensitivity of the system to the rail pressure in
a different way to that in Section 9.2 where the rail pressure was varied during injection
and that assuming a constant rail pressure does provide suitable accuracy in the model.
9.6 Needle lift
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Figure 9.23: Needle lift versus time for the 500 µs injection.
The needle lift for the 500 µs injection is shown in Figure 9.23. Until now it has been
stated that the injection does not start exactly when the bleed orifice is opened. But it
has not been proved for the model. Figure 9.23 does this by showing that the needle
lifts after the bleed orifice is opened at a time later than one millisecond. This delay is
147
9.6. NEEDLE LIFT COMMON RAIL MODEL VALIDATION
the time that it takes for the chamber pressure to drop enough to allow the needle to lift.
It was discussed above that the pressure relief time in the simulation matches well with
the time in the experiments.
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Chapter 10
Conclusion and Recommendations
This chapter draws the results and discussions of Chapter 4 to Chapter 6 together,
explaining how the objectives were met. Interesting features that were found during
the investigation are also described. In the recommendations which would allow for
better tests and simulations to be attained, are discussed.
10.1 Conclusion
The conclusion presented below represents the important outcomes obtained from the
investigations performed. The conclusion is divided by topics, that is, the mechanical
injector model, the common rail tests and then the common rail model.
10.1.1 The mechanical model
A mechanical injector was successfully modelled using the definition of the bulk
modulus to describe the fluid behaviour within the injector and by modelling the
injector needle dynamics by describing it as a mass-spring-damping system.
The model showed that the injection pressure with time was lower than the line pres-
sure. The difference between these pressures was dependent on the opening pressure
of the injector and the engine load. Similarly, the opening pressure of the injector
was also larger than the actual injection pressure at the nozzle. The average injection
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pressure was calculated to be between 30% and 65% of the opening pressure depending
on the conditions tested. Thus, it was shown that the line and opening pressures are not
adequate descriptors of the injection pressure. If the line or opening pressures of the
injector are used in the penetration equations, then the predicted penetration will be
overestimated.
It was found that changing the opening pressure of the injector had the largest effect
on the average injection pressure. A linear increase in the opening pressure resulted in
linear increase in the average injection pressure. The number of orifices in the injector
had the next largest influence on the injection pressure. The three orifice injector had
larger average injection pressures than the four orifice injector. This can be attributed to
the three orifice injector constricting the flow more than the four orifice injector. More
orifices in the injector result in lower injected flow rates for each orifice and therefore
less atomised and less penetrating spray. The throttling condition had a negligible effect
on the average injection pressure. It did however, play a large role in determining
the length of injection. The dependence of the injection pressure on the number of
discharge orifices, opening pressure and throttling condition makes finding a correlation
between them and the injection pressure very complicated.
10.1.2 The common rail experimental tests
Tests were carried out to measure the flow rate for different injection durations ranging
from 400 µs to 2000 µs at 140 MPa in a common rail system. The amount of
fuel delivered increased with the injection duration while the flow rate remained
approximately constant during the injection because the rail pressure was the same
for all the tests. These results were compared to the model results.
Using the measured injection flow rate, the injection pressure was calculated by
assuming a constant discharge coefficient of 0.6. The results show the injection pressure
to be about 90% of the rail pressure. This means that the rail pressure can be used to
approximate the injection pressure and used in the penetration equations.
Features in the flow rate profile make it possible to identify when the bleed orifice opens
and when the injector opens. By comparing when injection was detected by the Akribis
150
10.1. CONCLUSION CONCLUSION AND RECOMMENDATIONS
to when it was detected at the rail, it was observed that the rail lagged the Akribis. This
occurs because the pressure signal arising from the injection event travels to the rail at
the speed of sound of the fuel. This delay was approximately 550 µs.
The injected flow rate per orifice of the injector was compared to the results from
the mechanical injector model. It was found that the flow rates for the mechanical
and common rail systems were comparable. However, when the exit velocities of
the two systems were compared, it was found that the common rail system had a
significantly larger jet exit velocity. This was due to the substantially smaller orifice
area of the common rail injector and the higher injection pressure, confirming that the
spray characteristics are improved by the common rail system.
10.1.3 The common rail model
A common rail injection system model was constructed and it was found to fit the data
well. This model required very little information about the exact details of the internal
geometry of the injector, making it a very attractive and relatively simple model to
construct.
The model was first constructed in Scilab and then in C++. The C++ model was found
to be a better solution because it is simpler to add equations that would improve the
model. The C++ model was improved in comparison to the Scilab model by including
bulk modulus and density equations that are dependent on pressure, additional divisions
of the internal injector volumes and discharge coefficients that varied according to the
injection duration.
The varying discharge coefficients provided the greatest improvement to the model,
resulting in a model that gave far better agreement to the experimental results than
if it was excluded. This varying discharge coefficient represents the variation in the
discharge coefficient due to the transient flow that occurs during injection. Because data
on transient discharge coefficients is limited, their values had to be chosen empirically.
The model was tested for different injection durations ranging from 400 µs to 2000 µs
at 140 MPa. These conditions are the same as the tests used in the experimental set up,
allowing comparisons between an actual injector and its model to be conducted.
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A sensitivity analysis was carried out on the inputs for the model to determine the
effect of any error in specifying these inputs on the solution. Besides the sensitivity
to the discharge coefficients, the model was sensitive to changes in the discharge flow
area, the limit on the needle motion, the rail pressure and the fuel density. The model
was insensitive to changes in the internal injector volumes, the needle mass and the
bulk modulus of the fuel.
It was observed in the sensitivity analysis that each of the parameters varied changed
the flow behaviour of the injector differently. Using this in conjunction with tests of
new and old injectors, it is possible to determine which component of the injector has
worn out. This is useful in diagnosing used injectors.
Features in the pressure plots indicate when the bleed orifice opened and when the
needle lifted. These features are similar to those observed in the experimental results
giving confidence in the description of the injector by the model. These features
however cannot be observed in the rail pressure as this was assumed to be constant
for the model but they can be viewed in any of the other internal pressures.
The model was tested using the measured rail pressure as an input instead of using
the constant rail pressure assumption. By comparing these solutions, it was found that
the injected flow rates were very similar. This means that the constant rail pressure
assumption is valid.
10.2 Recommendations
The recommendations presented below suggest possible ways of improving the accu-
racy of the solutions by overcoming problems that were encountered in a better way.
These recommendations are divided by topics as covered in this research.
10.2.1 The mechanical model
Recommendations that would improve the mechanical injector model are discussed
below.
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Convert the model into C++
Converting the model from a Scicos program into a C++ program would make the
inclusion of any improvements, such as accounting for variation of bulk modulus and
density with pressure of the fuel, easier to implement. Converting the model into C++
could easily be done by adapting the common rail C++ model to be able to model
mechanical injectors. In addition, a C++ program would decrease the time taken to
solve while at the same time increasing the accuracy.
Pump and throttling system
The mechanical model should include the pump and the throttling system. This would
make the flow delivered to the injector more accurate and thereby provide more accurate
predictions of the injected flow rates. To do this, accurate knowledge of the pump
system is required.
Experimental confirmation
The model needs to be confirmed against experimental results. This could be achieved
by measuring the injected flow rate in a similar way to that carried out for the common
rail, using the Akribis or a similar flow measurement device.
10.2.2 The common rail experimental tests
Tests should be run at other injection pressures to provide data against which the model
could be validated. Another method of confirming the accuracy of the model is to
measure the needle lift during injection. The measured needle lift profile could be
compared to the simulated needle lift.
Other fuels should be tested and again the results could be compared to those of the
model. This would confirm the predictions made in the simulations about how the
delivery is affected by a change in fuel bulk modulus and density.
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10.2.3 The common rail model
Recommendations that would improve or give greater confidence in the accuracy of the
common rail model will be discussed here.
The pump system
The pump system should be included in the model so that the constant rail pressure
assumption could be removed. Although this would not change the results substantially
as shown in the sensitivity analysis, it would improve the results. This would also help
to understand the features observed in the model, especially after an injection event has
occurred.
The actuation system
The model was simplified by excluding the solenoid and simulating its result by
opening the bleed orifice artificially. It is recommended that the solenoid should be
included in the model, as it would allow the minimum opening time of the injector to
be determined and compared to the experimental results. This minimum opening time
would be dependent on the energising time of the solenoid. Additionally, by modelling
the solenoid, the bleed orifice would open gradually which may have an effect on the
overall injector behaviour.
Pressure signal delay
Taking into account the speed of sound in the fuel in the model would provide
information about the delays that are seen in the experimental results. This would
require more detailed knowledge of the internal geometry of the injector, specifically
the length between the two orifices. Alternatively, a CFD model could be constructed
that would also be able to take this into account. Either way, the infinite speed of sound
assumption in the current model would be removed.
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Transient discharge coefficients
It was seen in section 9.2 that the model was sensitive to the discharge coefficients at
the bleed and feed orifice. It was found that in order to get good agreement with the
experimental results, the values had to be chosen empirically. However, this aspect of
the model could be improved by having better information about discharge coefficients
vary under transient conditions. If accurate discharge coefficients could be obtained,
the model would no longer be empirical in nature and would be relevant to a wider
range of tests. Again, a CFD model might also be able to predict these coefficients. It
may not be necessary to model the entire injector as a model of the control volume only
may be sufficient.
Additional tests that should be performed
The model in this research should be tested at other injection pressures to evaluate if
the current discharge coefficients used for the 140 MPa simulations are still valid. If
they are not, then new values should be found by either testing or by researching what
these should be.
The model has only been tested with ISO 4113 and should also be validated with fuels
with different properties. Other fuels that could be used are diesel, DME or methanol.
Although the properties of diesel are similar to ISO 4113, diesel would provide more
accurate information about what occurs during injection. Caution must be taken when
testing these fuels because of their flammable nature.
Cavitation
Cavitation should also be included in the model, but again this would require informa-
tion about the geometry of the injector and may be better suited to a CFD analysis.
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Appendix A
Image processing code
This program was written to search through the images of Rice [33], and track the spray
penetration. The program was written in Scilab 4 using an image processing toolbox. A
later version of Scilab has been released, but this code has not been proven to work with
this version. Additionally, the program is written assuming a Linux operating system,
which means that the way that file paths are constructed are different from a Windows
operating system. Apart from this difference, the code should run in Windows.
A.1 Main program
This is the main program that must be executed.
/ / PROGRAMMED BY THOMAS SPRICH
/ / FILE HISTORY
/ / v1 − s i m p l e image p r o c e s s i n g o f t h e f u l l image
/ / v2 − use t h e area o f i n t e r e s t t o d e f i n e a p o r t i o n o f t h e image .
T h i s makes t h e p a s s i n g and h a n d l i n g o f t h e image q u i c k e r
/ / − makes t h e image s m a l l e r by t a k i n g o u t t h e w h i t e space t h a t
i s a t h e r e as a r e s u l t o f t h e
/ / v3 − A d j u s t s t h e h i s t o g r a m o f t h e image t o e q u a l i s e i t . T h i s
enhances f e a t u r e s , u n f o r t u n a t e l y i t enhance t h e n o i s e a s w e l l .
Thus a f i l t e r w i l l be need
/ / v4 − some n o i s e ( such as t h e k n i f e edge l i n e ) i s removed by
s u b t r a c t i n g t h e f i r s t image from t h e c u r r e n t image
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/ / v5 − r e v e r s e a l l t h e images , t h i s s h o u l d g i v e b l a c k s p r a y s on a
w h i t e background . The problem i s t h a t t h e p e n e t r a t i o n p o i n t s
w i l l t h e n n o t work so be warned . They w i l l p r o b a b l y need t o be
swopped , so i n s t e a d o f b e i n g ’ l e s s than ’ i t w i l l have t o be ’
g r e a t e r than ’ when comparing ’ grey l e v e l s ’
/ / − The images are now cut , t h e y have no empty space a t t h e i r
end
/ / v6 − now have t o f i x up t h e p e n e t r a t i o n measur ing p a r t o f t h e
program . T h i s needs t o be done so t h a t t h e image ’ change ’ method
i s used .
/ / − The images have n o t been m o d i f i e d w i t h e q u a l i s e y e t , t h i s
means t h a t t h e y can a l l be compared .
/ / NOTE: B e c a r e f u l t o e x t r a c t t h e l i n e i n f o r m a t i o n b e f o r e t h e
Image i s r o t a t e d f o r p r e s e n t a t i o n .
/ / v7 − Upon a t t e m p t i n g t o e x t r a c t p e n e t r a t i o n i n f o r m a t i o n from t h e
d i f f e r e n c e comparison , i t was found t h a t i t was ha rd er t o e x t r a c t
t h e r e q u i r e d i n f o r m a t i o n . So a t t h i s s t a g e , t h e image
p r o c e s s i n g f i n d s t h e p e n e t r a t i o n and a t t e m p t s t o remove t h e n o i s e
from t h e images and f o c u s s e s on t h e s p r a y area so t h a t t h e
images are p r e s e n t a b l e f o r p ape r s and so f o r t h
getd ( ’ / home / thomas / Documents / Spray r e s u l t s / John r i c e ’ ) ; / / ubun tu
/ / ******************** P o s i t i o n o f i n j e c t i o n i n u n e d i t e d image
RowU=41;
ColU =148;
/ / ******************** End P o s i t i o n o f i n j e c t i o n i n u n e d i t e d image
a n g l e =45; / / f o r t h e 3 h o l e n o z z l e
n o z z l e =4;
FileName= ’ / home / thomas / Documents / Spray r e s u l t s / John r i c e / d ’+ s t r i n g (
n o z z l e ) + ’ ’ ; / / u
P e n e t r a t i o n T r a c k i n g = [ ] ;
J e t B r e a k u p T r a c k i n g = [ ] ;
P l o t n a m e s = [ ] ;
Time = [ ] ;
f o r ExpNumInt = 1 0 0 : 2 5 : 2 5 0 , / / T h i s i s t h e p r e s s u r e s t h a t were
t e s t e d and forms p a r t o f t h e FOLDER names . T h i s numbers h e l p
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move i n t h e f o l d e r s
/ / / / f o r t h e 3 h o l e n o z z l e s
/ /
Row =132; / / t h i s r e f e r s t o t h e y a x i s
Col =302; / / These have been d e f i n e d so t h a t i t i s easy t o change
l a t e r .
/ / / / b e g i n 4 h o l e n o z z l e
/ / Col =288;
/ / Row =123 . ;
/ / / / end 4 h o l e n o z z l e
ExpNumStr= s t r i n g ( ExpNumInt ) ;
P l o t n a m e s =[ P l o t n a m e s , ExpNumStr + ” b a r ” ] ;
chdir ( FileName+ExpNumStr ) ;
Image0= g r a y i m r e a d ( ’ Frame1 . j p e g ’ ) ;
Image0= R o t a t e d ( Image0 , a n g l e ) ;
Col0 =1; / / A l so makes i t e a s i e r t o i n c o r p o r a t e n o z z l e f i n d i n g
l a t e r i f I was t o .
Spray Wid th =80; / / t h i s i s t h e w i d t h i n p i x e l s o f t h e s p r a y t h a t
t h e s i m p l i f y i n g images must s o r t h t h r o u g h
B r e a k u p T h r e s h o l d = 0 . 1 5 ; / / T h i s c h e c k s i f t h e d i f f e r e n c e be tween
t h e two p i c t u r e s i s w i t h i n <B r e a k u p T h r e s h o l d> o f e a c h o t h e r .
S p r a y T h r e s h o l d = 0 . 9 9 ; / / T h i s c h e c k s t h a t t h e s p r a y image i s l e s s
than <S p r a y T h r e s h o l d> o f t h e Blank Image
/ / A t i g h t e r t h r e s h o l d v a l u e f o r t h e s p r a y g i v e s b e t t e r r e s u l t s .
px2mm = 9 / 3 0 ; / / P i x e l t o mm c o n v e r s i o n f a c t o r .
Image0= S p r a y a r e a ( Image0 , Col , Row , Spray Wid th ) ;
Image0=Cut ( Image0 ) ;
[ x y ]= s i z e ( Image0 ) ;
x = [ ] ; Col=y ; y = [ ] ;
Line0 = GetLine ( Image0 , Spray Wid th / 2 + 1 , Col0 , Col ) ; / / T h i s i s
s i m i l a r t o t h e p a s s i n g t h e c o m p l e t e image . T h i s p a s s e s t h e
s m a l l e r image t o save memory and p r o c e s s i n g t i m e .
images would be much q u i c k e r
PT = [ ] ; / / I n d i v i d u a l p e n e t r a t i o n t r a c k i n g .
JT = [ ] ; / / I n d i v i d u a l p e n e t r a t i o n t r a c k i n g .
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f o r ImageNumInt = 2 : 1 : 8 , / / t h i s i s t h e images t o p r o c e s s
ImageNumStr = s t r i n g ( ImageNumInt ) ;
Image Next = g r a y i m r e a d ( ’ Frame ’+ImageNumStr+ ’ . j p e g ’ ) ;
Image Next = R o t a t e d ( Image Next , a n g l e ) ;
/ / ********* t h i s b l o c k i s f o r t h e a d a p t i o n s t o use t h e s m a l l e r
image
Image Next = S p r a y a r e a ( Image Next , Col , Row , Spray Wid th ) ;
L i n e N e x t = GetLine ( Image Next , Spray Wid th / 2 + 1 , Col0 , Col ) ; / /
T h i s i s s i m i l a r t o t h e p a s s i n g t h e c o m p l e t e image . T h i s
p a s s e s t h e s m a l l e r image t o save memory and p r o c e s s i n g t i m e
.
Image Next =Image FixA ( Image Next , Image0 ) ;
Image Next =Rem Noise ( Image Next , 0 . 0 6 ) ;
/ / *********END BLOCK
Image Next = R o t a t e d ( Image Next ,−90) ;
Image Next =Cut ( Image Next ) ;
i m w r i t e ( Image Next , ’ Frame ’+ImageNumStr+ ’ . eps ’ ) ;
B r e a k u p P o i n t = F ind Breakup ( Line0 , L ine Next , B r e a k u p T h r e s h o l d ) ;
S p r a y P o i n t = F ind Spray A ( Line0 , L ine Next , S p r a y T h r e s h o l d ,
B r e a k u p P o i n t ) ;
i f B r e a k u p P o i n t <0 then B r e a k u p P o i n t = 0 ; end ; / / T h i s l i n e i s
here so t h a t j e t b reak up o c c u r s a t t h e n o z z l e e x i t
i f S p r a y P o i n t <0 then S p r a y P o i n t = 0 ; end ; / / T h i s l i n e i s here
so t h a t Spray break up o c c u r s a t t h e n o z z l e e x i t
PT=[PT ; S p r a y P o i n t ] ;
JT =[ JT ; B r e a k u p P o i n t ] ;
end ;
P e n e t r a t i o n T r a c k i n g =[ P e n e t r a t i o n T r a c k i n g , PT ] ;
J e t B r e a k u p T r a c k i n g =[ J e t B r e a k u p T r a c k i n g , JT ] ;
end ;
Time = 1 * ( 2 : 1 : ImageNumInt ) ’ ;
x s e t ( ’ window ’ , 0 ) ;
xbasc ( 0 ) ;
J e t B r e a k u p T r a c k i n g = J e t B r e a k u p T r a c k i n g *px2mm ;
pl o t2d ( Time , J e t B r e a k u p T r a c k i n g , [ 1 ; 2 ; 3 ; 4 ; 5 ; 6 ; 7 ] ) ;
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l e g e n d s ( [ P l o t n a m e s ] , [ 1 ; 2 ; 3 ; 4 ; 5 ; 6 ; 7 ] , o p t = ’ u l ’ ) ;
/ / ***************BLOCK FOR TESTING
xbasc ( 1 ) ;
x s e t ( ’ window ’ , 1 ) ;
/ /
P e n e t r a t i o n T r a c k i n g = P e n e t r a t i o n T r a c k i n g *px2mm ; / / mm
pl o t2d ( Time , P e n e t r a t i o n T r a c k i n g , [ 1 ; 2 ; 3 ; 4 ; 5 ; 6 ; 7 ] ) ;
l e g e n d s ( [ P l o t n a m e s ] , [ 1 ; 2 ; 3 ; 4 ; 5 ; 6 ; 7 ] , o p t = ’ u l ’ ) ;
x t i t l e ( ’ ’ , ’ Time [ ms ] ’ , ’ P e n e t r a t i o n [mm] ’ ) ;
chdir ( ’ / home / thomas / Documents / M a s t e r s / T h e s i s / S c i l a b F i l e s / ’ ) ; / / u
m d e l e t e ( ’ JohnRice−d ’+ s t r i n g ( n o z z l e ) + ’− f u l l . t x t ’ ) ;
w r i t e ( ’ JohnRice−d ’+ s t r i n g ( n o z z l e ) + ’− f u l l . t x t ’ , [ P e n e t r a t i o n T r a c k i n g ] )
;
/ / ************END BLOCK FOR TESTING
A.2 Additional functions
Presented below are the functions that were written and called by the main image
processing program. The section name takes the name of the function.
A.2.1 Spray area
/ / T h i s i s a f u n c t i o n t h a t w i l l t a k e e x t r a c t j u s t t h e s p r a y area from
t h e images
/ / The s i z e o f t h e image i s d e t e r m i n e d from t h e main f i l e
/ / f u n t i o n r e s u l t =name [ v a r i a b l e s t r a n s f e r e d ]
f u n c t i o n New Image= S p r a y a r e a ( FImage Next , FCol , FRow , FSpray Width ) ,
New Image = [ ] ;
i =(FRow−FSpray Width / 2 ) : 1 : ( FRow+ FSpray Width / 2 ) ;
FLine=FImage Next ( i , 1 : 1 : FCol ) ;
[ x y ]= s i z e ( FLine ) ;
FLine1 = [ ] ;
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f o r j = 1 : 1 : y ,
i f sum ( FLine ( : , j ) )>0 then / / T h i s removes e x c e s s b l a c k area
from t h e image t h a t i s as a r e s u l t o f t h e r o t a t i n g . The
e x t r a 1 beause t h e r e are F S p r a y w i d t h +1 l i n e s i n t h e m a t r i x
FLine1 =[ FLine1 FLine ( : , j ) ] ;
end ;
end ;
FLine=FLine1 ;
New Image=FLine ;
endfunc t ion ;
A.2.2 Rotated
/ / Made By Thomas S p r i c h 2nd JUNE
/ / Uses t h e image P r o c e s s i n g t o o l b o x
f u n c t i o n r o t a t e d = R o t a t e d ( Mat , a n g l e )
temp= s t r i n g ( a n g l e ) ;
r o t a t e d = mogr i fy ( Mat , [ ’− r o t a t e ’ , temp ] ) ;
endfunc t ion ;
A.2.3 GetLine
/ / Made By Thomas S p r i c h 2nd JUNE
/ / Gets t h e l i n e t h a t I w i l l need f o r compar i son where t h e s p r a y i s
l o c a t e d .
/ / A l so F l i p s t h e Row
f u n c t i o n FLine= GetLine ( FImage , FRow , FCol0 , FCol ) / / F s u f f i x i s f o r a
f u n c t i o n .
FLine=FImage ( FRow , FCol :−1: FCol0 ) ; / / t h i s i s t h e row and columns
t h a t are o f i n t e r e s t .
/ / The l i n e f l i p p i n g i s j u s t a p e r s o n a l p r e f e r e n c e .
endfunc t ion ;
A.2.4 Cut
f u n c t i o n New Image=Cut ( FImage Next ) ;
165
A.2. ADDITIONAL FUNCTIONS IMAGE PROCESSING CODE
[ x y ]= s i z e ( FImage Next ) ;
FTemp = [ ] ;
f o r i = 1 : 1 : x ,
i f sum ( FImage Next ( i , : ) ) < y then
FTemp = [ FTemp ; FImage Next ( i , : ) ] ;
end ;
end ;
New Image=FTemp ;
endfunc t ion ;
A.2.5 Image FixA
/ / t h i s f u n c t i o n s u b t r a c t s t h e new image from t h e o l d and f i x e s
n e g a t i v e v a l u e s o f t h e t h a t may occur .
f u n c t i o n New Image=Image FixA ( FImage Next , FImage0 ) ,
[ x y ]= s i z e ( FImage Next ) ;
f o r i = 1 : 1 : x ,
f o r j = 1 : 1 : y ,
FImage Next ( i , j ) = ( ( FImage Next ( i , j ) ) / ( FImage0 ( i , j ) ) ) ˆ 3 ;
i f ( ( FImage Next ( i , j )<0) | ( FImage Next ( i , j )>1) ) then
FImage Next ( i , j ) =1 ;
end ;
end ;
end ;
New Image=FImage Next ;
endfunc t ion ;
A.2.6 Rem Noise
/ / f u n t i o n t h a t w i l l remove some o f t h e n o i s e
f u n c t i o n New Image=Rem Noise ( FImage Next , N o i s e p e r c )
[ x y ] = s i z e ( FImage Next ) ;
f o r i = 1 : 1 : x ,
f o r j = 1 : 1 : y ,
i f ( ( FImage Next ( i , j )<(1+ N o i s e p e r c ) ) & ( FImage Next ( i , j )
>1+ N o i s e p e r c ) ) then
FImage Next ( i , j ) =1 ;
end ;
end ;
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end ;
New Image=FImage Next ;
endfunc t ion ;
A.2.7 Find Breakup
/ / Made By Thomas S p r i c h 2nd June
/ / Dec ides i f j e t breakup o c c u r s by s t e p p i n g t h r o u g h t h e l i n e s and
d e c i d i n g t h e l i n e s are c l o s e enough t h a t n o t h i n g happens . J e t
Break up p o i n t i s found .
f u n c t i o n [ P o i n t ]= F ind Breakup ( FLine0 , FLine Next , F T h r e s h o l d ) / /
r e t u r n s a −1 i f t h e r e i s no s p r a y
L i n e l e n g t h = l e n g t h ( FLine0 ) ;
c o u n t e r =2;
temp=abs ( FLine0 ( c o u n t e r )−FLine Nex t ( c o u n t e r ) ) ;
T h r e s h o l d V a l u e = F T h r e s h o l d * FLine0 ( c o u n t e r ) ;
whi le ( ( temp<T h r e s h o l d V a l u e ) & ( c o u n t e r < L i n e l e n g t h −1) ) | ( (
L i n e N e x t ( c o u n t e r ) > L i n e N e x t ( c o u n t e r +1) ) &( L i n e N e x t ( c o u n t e r
−1) > L i n e N e x t ( c o u n t e r ) ) ) ,
c o u n t e r = c o u n t e r +1 ;
temp=abs ( FLine0 ( c o u n t e r )−FLine Nex t ( c o u n t e r ) ) ;
T h r e s h o l d V a l u e = F T h r e s h o l d * FLine0 ( c o u n t e r ) ;
end ;
i f c o u n t e r == ( L i n e l e n g t h −1) then
P o i n t =−1;
e l s e
P o i n t = c o u n t e r ;
end ;
endfunc t ion ;
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Area change derivation
The area through which the fuel flows caused by the needle lift is assumed to be the
shape of a cone from the corner of the seat at an angle perpendicular to the seat towards
the needle surface. If this area is larger than the area created by the shortest distance
from the seat corner to the centre axis than that area is used.
In figure B.1, the axis is on the central axis, in line with the seat corner. Line y1 and y2
are drawn, so as to find the intersection point of the two lines which will define one of
the bounds of the cone.
The surface of revolution for any shape can be found from equation (B.1):
As = 2pi
∫ a
b
x(t)
√(
dx
dt
)2
+
(
dy
dt
)2
dt (B.1)
For a surface rotated about the y-axis:
As = 2pi
∫ a
b
x
√
1 +
(
dx
dy
)2
dy (B.2)
The equations for line y1 and y2 are:
y1 = −x− r0 + |h|
y2 = x+ r0
(B.3)
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Figure B.1: Schematic used for calculating the change of area caused by the needle lifting of
the injector seat
The x intercept and y interxept are:
xi =
−2r0 + |h|
2
yi =
4r0 + |h|
2
(B.4)
The y value becomes the upper bound of the integral of the integral in equation (B.2).
The lower bound is zero as it is in line with the origin about which the values are
calculated. The x term comes from equation y1 written in terms of x and solving
equation (B.2) in terms of y1. Thus equation (B.2) becomes:
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As = 2pi
∫ a
b
(y1 − r0)
√
1 +
(
dy1
dx
)2
dy1
= 2pi
∫ yi
0
(y1 − r0)
√
1 +
(
d(y1 − r0)
dy1
)2
dy1
= 2
√
2pi
[
y21
2
− r0y1
]4r0 + |h|
2
0
= 2
√
2pi

(
4r0 + |h|
2
)2
2
− r04r0 + |h|
2

(B.5)
170
Appendix C
Injector models
C.1 Mechanical model
Figure C.1 shows an example of the Scilab program used for solving the mechanical
injector model.
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Figure C.1: The Scilab model
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C.2 Common rail model
The geometric inputs for the common rail model are shown in Table C.1. Additional
inputs that were used in both the Scilab and C++ model are shown in Table C.2. The
Akribis geometric information and Nitrogen pressure inputs are shown in Table C.3.
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Table C.1: Common rail injector model geometric inputs.
Parameter Value Units
rr1 1e-3 m
Line length 0.15 m
rcv 2.13e-3 m
ril 1e-3 m
r1 2e-3 m
rs 0.6e-3 m
r3 1.07e-3 m
rf 0.15e-3 m
rb 0.275e-3 m
ro 0.0850e-3 m
Volume 1 4.4e-7 m3
Volume 2 4.5e-7 m3
Volume sac 1.8e-8 m3
Volume above bleed orifice 3.2e-8 m3
Volume control 0.7e-8 m3
Table C.2: Additional common rail injector model inputs for the Scilab model and the C++
program.
Parameter Value Units
cd 0.6 -
k (spring in the needle plunger assembly) 30e3 N/m
k (interaction) 1e9 N/m
Rail pressure 140e6 Pa
Atmospheric pressure 2.85e6 Pa
Plunger assembly mass 0.015 kg
Number of holes 6.0 -
Needle lift limit 0.24e-3 m
Chamber pressure 28e5 Pa
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Table C.3: Akribis related inputs used only in the C++ program.
Parameter Value Units
Akribis fuel volume 0.208e-7 m3
Nitrogen volume .50 m3
Piston radius 5.5e-3 m
Akribis piston mass 0.01 kg
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C.3 Common rail model program source code
The C++ program presented below has been written to work on a Linux operating
system, and has not been verified to work on any other operating system.
/ *
* Thomas S p r i c h
* v e r s i o n H i s t o r y
*
* To Fol low was c o m p l e t e d on t h e 0 1 / 0 7 / 0 9
*
* The Graph p l o t t i n g p a r t was removed and now i s hand led by
* ” p l o t f i n d c o e f f i c i e n t s . cpp”
*
* Program can now be v a r i e d t o do f i n d i n g c o e f f i c i e n t s or
s e n s i t i v i t y
* by chang ing t h e f i l e pa th t h a t t h e program o u t p u t s t o and
a d j u s t i n g
* t h e c o n t r o l v a r i a b l e o f t h e program .
*
* To f o l l o w was c o m p l e t e d on t h e 2 5 / 0 6 / 0 9
*
* The Runge K u t t a was n o t q u i t e r i g h t and r e q u i r e d some f i x i n g .
T h i s
* i n v o l v e d moving t h e t i m e s t e p s i z e or h i n t o t h e f ( x ) i n s t e a d o f
* h f ( x ) Showed no d i f f e r e n c e t o t h e r e s u l t s though .
*
* To f o l l o w was c o m p l e t e d on t h e 0 6 / 0 6 / 0 9
*
* The program was changed so t h a t i t was broken down i n t o s m a l l e r
p a r t s .
* I t s h o u l d now be e a s i e r t o make i t more e f f i c i e n t ( a t l e a s t p a r t l y
)
* i f r e q u i r e d . The move was made so t h a t t h e mass r a t e o u t c o u l d be
* e x t r a c t e d e a s i l y .
*
* The mass r a t e i s now e x t r a c t a b l e
*
* To f o l l o w was c o m p l e t e d on t h e 0 2 / 0 6 / 0 9
*
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* The s e n s i t i v i t y a n a l y s i s has t h e volume o f f u e l d e l i v e r e d e x p o r t e d
* t o a f i l e
*
* To f o l l o w was c o m p l e t e d on t h e 2 9 / 0 5 / 0 9
*
* The d e n s i t y v a r i a t i o n was f i x e d so t h a t i t i s a c t u a l l y t a k e n i n t o
* a c c o u n t . To do t h i s a new v a r i a b l e was c r e a t e d t h a t had t o be
pa s s ed
* t o t h e d p d t f u n c t i o n and from t h e r e t o t h e den vs p r e s s f u n c t i o n .
* T h i s d e n f a c t var i s a v a r i a b l e t h a t i s m u l t i p l i e d t o t h e o u t p u t
var
* from t h e den f u n c t i o n .
*
* Same t h i n g f o r t h e b u l k modulus as f o r d e n s i t y
*
* To f o l l o w was c o m p l e t e d on t h e 2 1 / 0 5 / 0 9
*
* The s e n s i t i v i t y now o u t p u t s t o i t s own un iqu e f o l d e r c a l l e d ’ e r r o r
’
*
* The program now does 5 d i f f e r e n t changes t o t h e v a r i a b l e s . 20%
above ,
* 10% above , normal , 10% below , 20% below .
*
* The program runs i n a loop t h a t r e r u n s changes f o r s p e c i f i e d
* v a r i a b l e s .
*
* The g e n e r a t i o n o f graphs i s no l o n g e r hand led w i t h i n t h i s program .
* I t i s now done by ’ p l o t e r r o r r e s u l t s . cpp ’ .
*
* changes t h a t need t o be made t o make i t a s e n s i t i v i t y program
* need t o r e r u n t h e model t h r e e t i m e s w i t h t h e v a r i a b l e t h a t needs
t o
* be changed each t i m e . The changes m a i n l y have t o do w i t h o u t p u t
f i l e
* h a n d l i n g and graph f i l e h a n d l i n g
*
* To f o l l o w was c o m p l e t e d on 1 1 / 0 5 / 0 9
* The program was s p l i t f rom t h e ’Common−R a i l model−Find
c o e f f i c i e n t s
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* . cpp” program so t h a t e r r o r a n a l y s i s can be done on v a r i a b l e s .
*
* Fixed t h e l o c a t i o n o f t h e l e g e n d s on t h e p l o t s
*
* To f o l l o w was c o m p l e t e d on 0 7 / 0 5 / 0 9
*
* Fixed t h e l a b e l s on t h e x and y a x i s , c o r r e c t e d p l o t l a b e l s t o
read
* s i m u l a t i o n or e x p e r i m e n t , changed t h e v a l u e s o f t h e a x i s t o be i n
* ms , MPa, mmˆ3 and mmˆ 3 / ms
*
* made i t p o s s i b l e t o o u t p u t png f i l e s and eps f i l e s by chang ing a
* s i n g l e command .
*
* To f o l l o w was c o m p l e t e d on 0 6 / 0 5 / 0 9
*
* I n c l u d e d f u n c t i o n s t h a t c a l c u l a t e t h e d i s c h a r g e c o e f f i c i e n t s u s i n g
* b e s t c u r v e f i t s from e m p i r i c a l compar i son .
*
* Changed t h e way t h e d i s c h a r g e c o e f f i c i e n t was handled , each f l o w
area
* now has a u n i que d i s c h a r g e c o e f f i c i e n t t h a t i f r e q u i r e d can be
v a r i e d
*
* To f o l l o w was c o m p l e t e d on 0 5 / 0 5 / 0 9
*
* made i t p o s s i b l e t o o u t p u t t h e f i l e s t o eps f o r m a t i n a r e s u l t s
* f o l d e r
*
* To f o l l o w was c o m p l e t e d on 0 2 / 0 5 / 0 9
*
* made i t p o s s i b l e t o p r i n t o n l y one e x p e r i m e n t a l p l o t a t a t i m e
based
* on a d e s i r e d d u r a t i o n t h a t needs t o be t e s t e d . t h e d u r a t i o n o n l y
* needs t o be s e t once t o s e t i t e v e r y w h e r e i n t h e program
*
* To f o l l o w was c o m p l e t e d on 2 6 / 0 3 / 0 9
*
* The A k r i b i s works , a c o n s t a n t w i t h a v e l o c i t y c h a m b e r term was
wrong
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* I t r e q u i r e s a b i g damping c o n s t a n t however , b u t because t h e f u e l
and
* n i t r o g e n a c t as s p r i n g s i n c o m p r e s s i o n and t h e r e f o r e would
o s c i l l a t e
* f o r e v e r . Thus a damping c o n s t a n t i s r e q u i r e d
*
* The c o r r e c t A k r i b i s d i m e n s i o n s are i n c l u d e d i n t o t h e model . These
* were t a k e n from t h e A k r i b i s h e l p f i l e .
*
* The v a r y i n g volume i n t h e p r e s s u r e e q u a t i o n was i n c l u d e d
* See ” M o d e l l i n g and i n j e c t i o n r a t e e s t i m a t i o n o f common−r a i l
i n j e c t o r s
* f o r d i r e c t− i n j e c t i o n d i e s e l e n g i n e s ” paper
*
* To f o l l o w was c o m p l e t e d on 0 9 / 0 3 / 0 9
*
* Found two e r r o r s , 1 ) i n t h e f l o w r a t e t r a n s f e r o u t o f t h e i n j e c t o r
* t h e wrong f l o w area was used . 2 ) t h e wrong c o n s t a n t s used i n t h e
* chamber v e l o c i t y and d i s p l a c e m e n t .
*
* To f o l l o w was c o m p l e t e d on 2 7 / 0 2 / 0 9
*
* Runge k u t t a now works , works i n an i n e f f i c i e n t way because i t
* c a l c u l a t e s f l o w r a t e s i n and o u t t w i c e .
*
* The mot ion o f t h e n e e d l e i s c o n s t r a i n e d now by a s p r i n g damper
s y s t e m
* u n l i k e e a r l i e r v e r s i o n s t h a t use t h e r e s e t t i n g o f t h e v e l o c i t y ,
l i f t
* and a c c e l e r a t i o n v i a d i f f e r e n t i a t i n g f u n c t i o n s . T h i s i s because
t h e
* RK4 method would r e q u i r e t h e s e c o n s t r a i n s on t h e c a l c u l a t i o n o f
t h e
* c o n s t a n t s i n a d d i t i o n t o t h e check a t t h e end o f t h e c a l c u l a t i o n .
*
* To Fol low was c o m p l e t e d on 2 3 / 0 2 / 0 9
*
* f i x e d f l o w r a t e f u n c t i o n so d i v i s i o n o f d o u b l e s by do ub l e ( 2 . 0 0 )
and
* n o t i n t ( 2 ) .
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*
* To f o l l o w was c o m p l e t e d on 2 1 / 0 2 / 0 9
*
* The a c c e l e r a t i o n f u n c t i o n was broken down so t h a t t h e p r e s s u r e
f o r c e
* i s c a l c u l a t e d by a n o t h e r f u n c t i o n c a l l e d P f o r c e . T h i s was done
as
* p a r t o f b r e a k i n g t h e a c c e l e r a t i o n e q u a t i o n down i n t o core
components
* so t h a t Runge−K u t t a i n t e g r a t i o n can be used i n c l u d e d l a t e r
*
* A boo l c o n t r o l v a r i a b l e has been i n c l u d e d so t h a t t h e program can
* be run w i t h a c o n s t a n t P r a i l p r e s s u r e or w i t h and i n p u t p r e s s u r e
* t r a c e w i t h f u l l i n t e r p o l a t i o n . T h i s has been done so t h a t one
* program can run bo th c o n d i t i o n s so t h a t u p d a t e s do n o t need t o be
* i n c l u d e d i n two programs t h a t are e s s e n t i a l l y t h e same
*
* The main c o n t r o l ” f o r ” loop was f i x e d so t h a t i t t e r m i n a t e d a t t h e
* f i n a l s p e c i f i e d t i m e . P r e v i o u s l y t h e loop would c o n t i n u e and i f
and
* nan e r r o r s would occur .
*
* To f o l l o w was c o m p l e t e d on 1 9 / 0 2 / 0 9
*
* Program works w i t h f i l e i n p u t .
*
* The i n t e r p o l a t i o n f u n c t i o n was i n c l u d e d
*
* The program can read from a s o u r c e p r e s s u r e f i l e and use t h a t as
* t h e r a i l p r e s s u r e . The i n t e r p o l a t i o n f u n c t i o n means t h a t
i n t e r m e d i a t e
* p o i n t s can be c a l c u l a t e d
*
* i n c l u d e d t h e # i n c l u d e <iomanip> l i b r a r y so t h a t t h e p r e c i s i o n o f
t h e
* i n p u t and o u t p u t f i l e s c o u l d be s e t
*
* To f o l l o w was c o m p l e t e d on 1 8 / 0 2 / 0 9
*
* Some minor e r r o r s were c o r r e c t e d w i t h t h e c a l c u l a t i o n o f dP 1 / d t
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* t h e area term was s e t t o z e r o as t h e v e l o c i t y components was
removed
* Q 12 was used as a second i n p u t i n s t e a d o f Q 1 c o n t r o l
*
* add t h e c l o s e ( f i l e ) a t t h e end o f t h e program
*
* To f o l l o w was c o m p l e t e d on 1 7 / 0 2 / 0 9
*
* V a r i a t i o n i n d e n s i t y has been i n c l u d e d . T h i s has an e f f e c t on
k l 1
* and k r l which are no l o n g e r t h e same
* because o f any f l u c t u a t i o n i n d e n s i t y t h a t may occur .
*
* To f o l l o w was c o m p l e t e d on 1 6 / 0 2 / 0 9
*
* The v o l 1 which ran from t h e r a i l a l l t h e way t o v o l 2 ( s e e below )
* has been s p l i t f u r t h e r i n t o two p a r t s .
* The volume i s now s p l i t i n t o t h e l i n e volume and t h e volume w i t h i n
* t h e i n j e c t o r t o volume 2 .
*
* NOTE: t h e v a l u e k r l and k l 1 are t h e same because t h e y bo th based
* on t h e l i n e d i a m e t e r . * That i s why two v a l u e s are used i n bo th
* t h e r a i l− l i n e and l i n e t o * v o l 1 c a l c u l a t i o n s .
*
* P2 a second volume w i t h i n t h e i n j e c t o r be tween t h e r a i l and t h e
* sac has been i n c l u d e d . T h i s means t h a t t h e o l d P1
* has been broken i n t o two vo lumes .
*
* P2 has been changed t o PS and a l l a s s o c i a t e d c a l c u l a t i o n s i n c l u d e d
.
* T h i s i s supposed t o r e p r e s e n t t h e sac volume .
*
* The sac t h r o u g h t h e o r i f i c e f l o w i s Q o w i t h k o
*
* P3 i s now P c o n t r o l so t h a t more vo lumes can be added and t h e i r
* numbers i n c r e m e n t e d .
*
* The d i f f e r e n t i a t e f u n c t i o n i s i n c l u d e d and can a d j u s t t h e n e e d l e
* h e i g h t s a t l i m i t s o f mot ion , * t h i s means t h a t t h e r e are no
* a r t i f i c i a l s p r i n g c o n s t a n t s t h a t a c t
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* on t h e model .
*
* The model works and p r e d i c t s t h e same r e s u l t s as t h e s c i l a b model .
* F u r t h e r change i s p u r e l y f o r improvement .
*
* There i s recommenda t ions t o watch o u t f o r a l i a s i n g and t e s t t h a t
* t h e model i s i n d e p e n d e n t o f i t .
*
* The b u l k modulus i s computed f o r each volume based on t h e p r e s s u r e
* i n t h a t volume .
* /
# i n c l u d e <c s t d l i b >
# i n c l u d e <i o s t r e a m>
# i n c l u d e <f s t r e a m>
# i n c l u d e <s s t r e a m>
# i n c l u d e <s t r i n g >
# i n c l u d e <s t d i o . h>
# i n c l u d e < s t r i n g . h>
# i n c l u d e <math . h>
# d e f i n e PI 3 .14159265 E0
# i n c l u d e <v e c t o r>
/ / T h i s i s r e q u i r e d f o r s e t t i n g t h e p r e c i s i o n o f t h e o u t p u t
# i n c l u d e <iomanip>
/ / F means i t s a v a r i a b l e i n a f u n c t i o n . The F s e p a r a t e s t h i s
/ / v a r i a b l e from t h e g l o b a l v a r i a b l e
double i n t e r p o l a t e d p o i n t ( double n e x t p o i n t , double l a s t p o i n t ,
double n e x t t i m e , double l a s t t i m e , double r e q u i r e d t i m e )
{
re turn ( ( n e x t p o i n t− l a s t p o i n t ) * ( r e q u i r e d t i m e− l a s t t i m e ) / (
n e x t t i m e− l a s t t i m e ) + l a s t p o i n t ) ;
}
double d e n s i t y v s p r e s s u r e ( double F p r e s s u r e , double F d e n f a c t )
{
double dummy=0;
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i f ( F p r e s s u r e >0) dummy = 1 / ( 7 . 6 1 9 0 5 e−19* F p r e s s u r e * F p r e s s u r e
−6.78571 e−10* F p r e s s u r e +1 .2 216 7 ) ;
re turn (dummy*1000* F d e n f a c t ) ;
/ / r e t u r n ( 8 4 0 ) ;
}
double a r e a ( double F r a d i u s )
/ / area c a l c u l a t i o n from t h e r a d i u s
{
double v a r a r e a =PI * F r a d i u s * F r a d i u s ;
re turn ( v a r a r e a ) ;
}
double i n t e g r a t e ( double F v a l f , double F v a l i , double t , double
I n i t i a l v a l )
/ * an i n t e g r a t i o n f u n c t i o n t h a t r e t u r n s t h e i n t e g r a l o f t h e l a s t two
* p o i n t s added t o t h e
* r e s u l t o f a l l p r e v i o u s i n t e g r a t i o n s ( p r o v i d e d t h a t t h e c o r r e c t
* p a r a m e t e r s are p as sed
* T h i s f u n c t i o n u s e s t r a p e z o i d a l i n t e g r a t i o n as an a p p r o x i m a t i o n
* /
{
re turn ( ( F v a l f + F v a l i ) / 2 * t + I n i t i a l v a l ) ;
}
double d i f f e r e n t i a t e ( double f i n a l , double i n i t i a l , double F t i m e )
/ / c a l c u l a t e d t h e d e r i v a t i v e o f two p o i n t s
{
re turn ( ( f i n a l − i n i t i a l ) / F t i m e ) ;
}
double k i n v e r s e D I V r h o ( double F a r e a f l o w , double F d e n s i t y , double
F d i s c h a r g e C , double F num holes )
/ * k i n v e r s e ( 1 / k ) c a l c u l a t e s t h e k f o r t h e f l o w r a t e e q u a t i o n
* I t has been l e f t as 1 / k so t h a t i f a r e a s are zero , d i v i s i o n by
z e r o i s a v o i d e d
* /
{
double dummy = 0 0 . 0 0 ;
i f ( F a r e a f l o w == 0)
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dummy = 0 . 0 0 ;
e l s e
dummy = 1 / ( 1 . 0 / 2 . 0 0 / F a r e a f l o w / F a r e a f l o w /
F d i s c h a r g e C / F d i s c h a r g e C / F num holes / F num holes ) ;
re turn (dummy) ;
}
double k i n v e r s e ( double F a r e a f l o w , double F d e n s i t y , double
F d i s c h a r g e C , double F num holes )
/ * k i n v e r s e ( 1 / k ) c a l c u l a t e s t h e k f o r t h e f l o w r a t e e q u a t i o n
* I t has been l e f t as 1 / k so t h a t i f a r e a s are zero , d i v i s i o n by
z e r o i s a v o i d e d
* /
{
double dummy = 0 0 . 0 0 ;
i f ( F a r e a f l o w == 0)
dummy = 0 . 0 0 ;
e l s e
dummy = 1 / ( F d e n s i t y / 2 . 0 0 / F a r e a f l o w / F a r e a f l o w /
F d i s c h a r g e C / F d i s c h a r g e C / F num holes / F num holes ) ;
re turn (dummy) ;
}
double b u l k v s p r e s s u r e ( double p r e s s u r e , double F b u l k f a c t )
/ * T h i s f u n c t i o n c a l c u l a t e s t h e l o c a l b u l k modulus a c c o r d i n g t o t h e
e q u a t i o n
* /
{
re turn ( 3 5 / 3 * p r e s s u r e +1 .4 e9 * F b u l k f a c t ) ;
}
double f l o w r a t e o u t ( double P here , double P t h e r e , double F k )
/ * T h i s f u n c t i o n c a l c u l a t e d t h e f l o w r a t e from t h e c u r r e n t volume i n t o
t h e n e x t volume
* NOTE t h a t t h i s f u n c t i o n can ha nd l e r e v e r e f l o w d e s p i t e t h e
n e g e t i v e s qu ar e r o o t t h a t would occur
* /
/ / P here i s t h e p r e s s u r e i n t h e c u r r e n t volume
/ / P t h e r e i s t h e p r e s s u r e i n t h e n e x t volume t o which t h e f l o w would
f l o w
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{
double F temp = 0 . 0 ;
double m u l t i = 0 . 0 ;
double dP= P here−P t h e r e ;
i f ( dP>0.0)
m u l t i = 1 . 0 ;
e l s e
{
i f ( dP<0.0)
{
dP= P t h e r e−P h e r e ;
m u l t i =−1.0;
}
e l s e
{
m u l t i = 0 ;
dP =0;
}
}
F temp= m u l t i * s q r t ( dP* F k ) ;
re turn ( F temp ) ;
}
double d p d t (
double F b u l k f a c t 1 ,
double F d e n f a c t 1 ,
double F vol ,
double F Pm ,
double F Pn ,
double F Po ,
double F Pp ,
double Area in ,
double F ve l ,
double F n mn ,
double F n no ,
double F n np ,
double a mn ,
double a no ,
double a np ,
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double F dischargeC mn ,
double F d i s c h a r g e C n o ,
double F d i s c h a r g e C n p ,
double F x
)
/ * T h i s f u n c t i o n c a l c u l a t e d dP / d t
* T h i s f u n c t i o n o n l y u s e s t h e f l o w r a t e s i n and o u t and does n o t
* per form t h e s e c a l c u l a t i o n i n f u n c t i o n
* /
{
double F b u l k = b u l k v s p r e s s u r e ( F Pn , F b u l k f a c t 1 ) ;
double F d e n s i t y = d e n s i t y v s p r e s s u r e ( F Pn , F d e n f a c t 1 ) ;
/ / c a l c u l a t e t h e f l o w i n or Q mn
double k mn= k i n v e r s e ( a mn , F d e n s i t y , F d ischargeC mn , F n mn ) ;
double F Qmn= f l o w r a t e o u t ( F Pm , F Pn , k mn ) ;
/ / c a l c u l a t e t h e f l o w r a t e o u t t h e volume :
double F Qno ;
i f ( a no = = 0 . 0 ) F Qno = 0 . 0 ;
e l s e
{
double k no = k i n v e r s e ( a no , F d e n s i t y , F d i s c h a r g e C n o , F n no ) ;
F Qno= f l o w r a t e o u t ( F Pn , F Po , k no ) ; / / f l o w r a t e from l i n e t o
v o l 1
}
double F Qnp = 0 . 0 ;
/ / Q np c a l c u l a t i o n :
/ / t h e second f l o w r a t e i s o n l y used once w i t h vo l1 , t h e r e f o r e check
/ / i t needs t o be done :
i f ( a np = = 0 . 0 ) F Qnp = 0 . 0 ;
e l s e
{
double k np = k i n v e r s e ( a np , F d e n s i t y , F d i s c h a r g e C n p , F n np ) ;
F Qnp= f l o w r a t e o u t ( F Pn , F Pp , k np ) ; / / f l o w r a t e from l i n e t o
v o l 1
}
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/ / C a l c u l a t e Q in t i m e s t h e s q r t o f t h e l o c a l d e n s i t y t o c o n v e r t
from
/ / mass f l o w r a t e t o v o l u m e t r i c f l o w r a t e
double dummy = F b u l k / ( F vo l−F x * A r e a i n ) * ( F Qmn−F Qno−F Qnp−
A r e a i n * F v e l ) ;
/ / remember t h a t t h e v a r i a b l e p as s ed o u t o f t h e f u n c t i o n have t o be
/ / i n t e r m s o f mass r a t e and n o t v o l u m e t r i c f l o w r a t e .
re turn (dummy) ;
}
double d p d t o p t (
double F bulk ,
double F vol ,
double Q in ,
double Q out1 ,
double Q out2 ,
double Area in ,
double F ve l ,
/ / do ub l e F dischargeC mn ,
double F x
/ / do ub l e& F temp
)
{
double dummy = F b u l k / ( F vo l−F x * A r e a i n ) * ( Q in−Q out1−Q out2−
A r e a i n * F v e l ) ;
/ / remember t h a t t h e v a r i a b l e p as s ed o u t o f t h e f u n c t i o n have t o be
/ / i n t e r m s o f mass r a t e and n o t v o l u m e t r i c f l o w r a t e .
re turn (dummy) ;
}
double dp dt TEST (
double F b u l k f a c t 1 ,
double F d e n f a c t 1 ,
double F vol ,
double F Pm ,
double F Pn ,
double F Po ,
double F Pp ,
double Area in ,
double F ve l ,
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double F n mn ,
double F n no ,
double F n np ,
double a mn ,
double a no ,
double a np ,
double F d i s c h a r g e C ,
double F x ,
double& F temp
)
/ * T h i s f u n c t i o n c a l c u l a t e d dP / d t
* T h i s f u n c t i o n o n l y u s e s t h e f l o w r a t e s i n and o u t and does n o t
* per form t h e s e c a l c u l a t i o n i n f u n c t i o n
* /
{
double F b u l k = b u l k v s p r e s s u r e ( F Pn , F b u l k f a c t 1 ) ;
double F d e n s i t y = d e n s i t y v s p r e s s u r e ( F Pn , F d e n f a c t 1 ) ;
/ / c a l c u l a t e t h e f l o w i n or Q mn
double k mn= k i n v e r s e ( a mn , F d e n s i t y , F d i s c h a r g e C , F n mn ) ;
double F Qmn= f l o w r a t e o u t ( F Pm , F Pn , k mn ) ;
/ / c a l c u l a t e t h e f l o w r a t e o u t t h e volume :
double F Qno ;
i f ( a no = = 0 . 0 ) F Qno = 0 . 0 ;
e l s e
{
double k no = k i n v e r s e ( a no , F d e n s i t y , F d i s c h a r g e C , F n no ) ;
F Qno= f l o w r a t e o u t ( F Pn , F Po , k no ) ; / / f l o w r a t e from l i n e t o
v o l 1
}
double F Qnp = 0 . 0 ;
/ / Q np c a l c u l a t i o n :
/ / t h e second f l o w r a t e i s o n l y used once w i t h vo l1 , t h e r e f o r e check
/ / i t needs t o be done :
i f ( a np = = 0 . 0 ) F Qnp = 0 . 0 ;
e l s e
{
double k np = k i n v e r s e ( a np , F d e n s i t y , F d i s c h a r g e C , F n np ) ;
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F Qnp= f l o w r a t e o u t ( F Pn , F Pp , k np ) ; / / f l o w r a t e from l i n e t o
v o l 1
}
/ / C a l c u l a t e Q in t i m e s t h e s q r t o f t h e l o c a l d e n s i t y t o c o n v e r t
from
/ / mass f l o w r a t e t o v o l u m e t r i c f l o w r a t e
double dummy = F b u l k / ( F vo l−F x * A r e a i n ) * ( F Qmn−F Qno−F Qnp−A r e a i n
* F v e l ) ;
/ / remember t h a t t h e v a r i a b l e p as s ed o u t o f t h e f u n c t i o n have t o be
/ / i n t e r m s o f mass r a t e and n o t v o l u m e t r i c f l o w r a t e .
F temp = F Qmn ;
re turn (dummy) ;
}
double d p d t n 2 ( double F vol , double Area in , double F v e l )
/ * T h i s f u n c t i o n c a l c u l a t e d dP / d t
* T h i s f u n c t i o n o n l y u s e s t h e f l o w r a t e s i n and o u t and does n o t
* per form t h e s e c a l c u l a t i o n i n f u n c t i o n
* /
{
double F b u l k =7 .85 e6 ; / / c o n s t a n t BM
double dummy = F b u l k / F v o l *(0.0− A r e a i n * F v e l ) ;
/ / remember t h a t t h e v a r i a b l e p as s ed o u t o f t h e f u n c t i o n have t o be
/ / i n t e r m s o f mass r a t e and n o t v o l u m e t r i c f l o w r a t e .
re turn (dummy) ;
}
double P f o r c e ( double F p1 , double F p2 , double F p3 , double F a 1 ,
double F a 2 , double F a 3 , double F a c v )
/ / T h i s f u n c t i o n c a l u l a t e s t h e p r e s s u r e f o r c e
{
re turn ( F p1 *( F a 1−F a 3 ) + F p2 * F a 3 − F p3 * F a c v ) ;
}
double a c c e l e r a t i o n ( double F f o r c e , double F mass , double F k s p r i n g ,
double F x , double F k s a c , double F v , double f x l i m i t )
/ * c v i s t h e C o n t r o l Volume area
* T h i s f u n c t i o n c a l c u l a t e s t h e a c c e l e r a t i o n o f t h e n e e d l e .
* The i n t e r a c t i o n f o r c e has been made o b s e l e t e by t h e i n c l u s i o n o f
t h e l i m i t s on t h e t h e n e e d l e mot ion t h a t are t a k e i n t o
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* a c c o u n t i n t h e main program .
* The r ea so n t h a t i t s t a k e n i n t o a c c o u n t t h e r e and n o t here i s
because o f t h e i n t e r g r a l s t h a t are c a l c u l a t e d .
* /
{
double c =0;
/ / F k s a c =0;
i f ( F x <0.0)
{
c=5 e4 ;
}
e l s e
i f ( F x> f x l i m i t )
{
c=5 e4 ;
F x=F x− f x l i m i t ;
}
e l s e
{
F k s a c = 0 . 0 ;
c = 0 . 0 ;
}
double f o r c e T ; / / f o r c e T o t a l
f o r c e T = F f o r c e − F x * F k s p r i n g−c * F v−F k s a c * F x −0.0000000* F v−
F k s p r i n g * 0 . 0 0 0 0 ; / /−bob * F x ;
double dummy = 1 / F mass * f o r c e T ;
re turn (dummy) ;
}
double a r e a l i f t ( double l i f t , double F r 1 )
/ * T h i s f u n c t i o n c a l c u l a t e d t h e area t h r o u g h which t h e f u e l can f l o w
t h a t i s c r e a t e d when t h e n e e d l e l i f t s
* Thus t h i s area i s a f u n c t i o n o f t h e n e e d l e l i f t , i . e . a ( X ) .
* T h i s area i s assumed t o be f o r a n e e d l e p o i n t t h a t i s a t 45
d e g r e e s .
* /
{
double F temp =0;
i f ( l i f t > 0 . 0 )
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{
F temp =(2* s q r t ( 2 ) * PI * ( ( ( 4 * F r 1 + l i f t ) / 2 ) * ( ( 4 * F r 1 + l i f t ) / 2 ) /2−
F r 1 * ( ( 4 * F r 1 + l i f t ) / 2 ) ) ) ;
}
e l s e F temp =0;
re turn F temp ;
}
us ing namespace s t d ;
i n t main ( )
{ s t r i n g p a t h =” ” ;
bool f i l e p l a c e =1;
i f ( f i l e p l a c e ==1)
{ / / t h i s goes t o t h e f i n d c o e f f i c i e n t s p a r t
p a t h = ” / home / thomas / Documents / M a s t e r s / Rea l T e s t i n g / R e s u l t s /
F ind C o e f f i c i e n t s / ” ;
}
e l s e
{ / / t h i s goes t o s e n s i t i v i t y a n a l y s i s p a r t
p a t h = ” / home / thomas / Documents / M a s t e r s / Rea l T e s t i n g / R e s u l t s /
e r r o r / ” ;
}
s t r i n g o u t f i l e R K =” ” ;
i n t cc =1;
s t r i n g tempy ;
s t r i n g t e s t d u r a t i o n 1 =” ” ;
f o r ( i n t v a r c o u n t e r =1; v a r c o u n t e r <=1; v a r c o u n t e r ++)
{
f o r ( i n t s e n c o u n t e r = 2 ; s e n c o u n t e r <=2; s e n c o u n t e r ++)
{
double change by ;
s t r i n g change ;
s t r i n g sen =” ” ;
sw i t ch ( s e n c o u n t e r )
{
case 0 :
sen = ” +20 ” ;
change by = 1 . 2 ;
break ;
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case 1 :
sen = ” +10 ” ;
change by = 1 . 1 ;
break ;
case 2 :
sen = ” +00 ” ;
change by = 1 . 0 ;
break ;
case 3 :
sen = ”−10” ;
change by = 0 . 9 ;
break ;
case 4 :
sen = ”−20” ;
change by = 0 . 8 ;
break ;
d e f a u l t : {} ;
}
i n t t e s t c o u n t e r = 1 ; / / t h i s i s used t o p i c k which t e s t t o
model o u t
/ / o f t h e ” l i s t o f t e s t ” l i s t below
/ / D e c l a r a t i o n s
double d i s c h a r g e C = 0 . 6 4 ; / / d i s c h a r g e c o e f f i c i e n t
double d e n s i t y = 840 ; / / kg /mˆ3 / / t h e d e n s i t y o f t h e f u e l
double k s p r i n g = 30 e3 ; / / N /m / / t h e s p r i n g i n t h e n e e d l e
p l u n g e r a s s e m b l y
double k s a c i n t e r a c t i o n =1 e9 ; / / N /m / / T h i s i s t h e
i n t e r a c t i o n s p r i n g c o n s t a n t / / now o b s e l e t e
double r r 1 =1e−3; / / m p i p e r a d i u s t o v o l 1 from r a i l
double l i n e l e n g t h = 0 . 1 5 ; / / m / / t h e l i n e l e n g t h
double r c v =2 .13 e−3; / / m / / t h e r a d i u s o f t h e t o p o f t h e
p l u n g e r t h a t i s i n s i d e t h e c o n t r o l volume
double r i l =1e−3; / / m / / r a d i u s i f t h e i n j e c t o r l i n e i . e .
w i t h i n t h e i n j e c t o r
double r 1 =2e−3; / / m / / t h e l a r g e s t r a d i u s o f t h e n e e d l e
double r s =0 .6 e−3; / / m / / t h e r a d i u s o f t h e n e e d l e t h a t i s by
t h e sac
double r 3 =1 .07 e−3; / / m / / f u r t h e r s u b d i v i s i o n o f t h e n e e d l e
/ / o b s o l e t e
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double r f =0 .15 e−3; / / d i s c h a r g e C / d i s c h a r g e C * . 4 7 0 0 ; / / m f e e d
r a d i u s
double r b =0 .275 e−3; / / d i s c h a r g e C / d i s c h a r g e C * . 2 5 0 0 ; / / m b l e e d
r a d i u s
double r o =0 .170 e−3/2 ; / / m o r i f i c e r a d i u s
i n t l i s t o f t e s t s [ 2 0 ] ;
l i s t o f t e s t s [ 0 ] = 4 0 0 ;
l i s t o f t e s t s [ 1 ] = 5 0 0 ;
l i s t o f t e s t s [ 2 ] = 6 0 0 ;
l i s t o f t e s t s [ 3 ] = 7 0 0 ;
l i s t o f t e s t s [ 4 ] = 8 0 0 ;
l i s t o f t e s t s [ 5 ] = 9 0 0 ;
l i s t o f t e s t s [ 6 ] = 1 0 0 0 ;
l i s t o f t e s t s [ 7 ] = 4 2 5 ;
l i s t o f t e s t s [ 8 ] = 4 5 0 ;
l i s t o f t e s t s [ 9 ] = 4 7 5 ;
l i s t o f t e s t s [ 1 0 ] = 5 2 5 ;
l i s t o f t e s t s [ 1 1 ] = 5 5 0 ;
l i s t o f t e s t s [ 1 2 ] = 5 7 5 ;
l i s t o f t e s t s [ 1 3 ] = 1 5 0 0 ;
l i s t o f t e s t s [ 1 4 ] = 2 0 0 0 ;
l i s t o f t e s t s [ 1 5 ] = 6 2 5 ;
l i s t o f t e s t s [ 1 6 ] = 6 5 0 ;
l i s t o f t e s t s [ 1 7 ] = 6 7 5 ;
l i s t o f t e s t s [ 1 8 ] = 7 2 5 ;
l i s t o f t e s t s [ 1 9 ] = 7 5 0 ;
l i s t o f t e s t s [ 2 0 ] = 7 7 5 ;
/ / s t r i n g t e s t d u r a t i o n = i t o s ”1000”;
double S i n j ( 1 . 0 e−3) ; double E i n j ;
c o n s t char * t e s t t i m e ; / / c r e a t i n g t h e s t r i n g t h a t w i l l be
pa s s ed t o t h e p i p e
double P r a i l =140 e6 ; / / Pa r a i l p r e s s u r e
double P c =2.85 e6 ; / / Pa a t m o s p h e r i c p r e s s u r e
double v o l 1 =4.398229716 e−7; / / mˆ3
double v o l 2 =4.523893422 e−7; / / mˆ3
double v o l s =1 .767 e−8; / / mˆ3
double v o l o u t =3.168610351 e−8;
double v o l c o n t r o l =1 .382 e−8/2 ; / / mˆ3
double mass = 0 . 0 1 5 ; / / kg / / t h i s i s t h e mass o f t h e need l e ,
p l u n g e r and s p a c e r . E s s e n t i a l l y t h e p a r t o f t h e i n j e c t o r
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t h a t moves
double n h o l e s = 6 . 0 ; / / T h i s i s t h e number o f h o l e s t h a t t h e
i n j e c t o r has
double x l i m i t =0 .24 e−3; / / m / / t h i s i s t h e maximum t r a v e l t h a t
t h e n e e d l e and p l u n g e r may l i f t
double P chamber =28 e5 ; / / t h e p r e s s u r e o f t h e chamber b e i n g
i n j e c t e d
double mass chamber = 0 . 0 1 ; / / kg mass o f t h e a k r i b i s p i s t o n
double v o l c h a m b e r =0 .208 e−7; / / mˆ3 / /
double v o l n 2 = . 5 0 ; / / mˆ3 / / guesed
double r Ak =5 .5 e−3; / / m r a d i u s o f t h e A k r i b i s p i s t o n
double cd b = 0 . 2 4 ;
double c d f = 0 . 7 8 ;
c d f = f e e d c o e f f i c i e n t ( l i s t o f t e s t s [ t e s t c o u n t e r ] ) ;
cd b = b l e e d c o e f f i c i e n t ( l i s t o f t e s t s [ t e s t c o u n t e r ] ) ;
/ / P r e l i m i n a r y C a l c u l a t i o n s f o r area f o r t h e above r a d i i
double a r 1 = a r e a ( r r 1 ) ; / / m2 p i p e area t o v o l 1 from r a i l
double a c v = a r e a ( r c v ) ; / / m2
double a i l = a r e a ( r i l ) ; / / m2
double a 1 = a r e a ( r 1 ) ; / / m2 / / t h i s i s a ”one” as i n a r e a o n e (
n o t L ( l ) )
double a s = a r e a ( r s ) ; / / m2
double a 3 = a r e a ( r 3 ) ; / / m2
double a f = a r e a ( r f ) ; / / m2 f e e d area
double a b = a r e a ( r b ) ; / / m2 b l e e d area
double a o = a r e a ( r o ) ; / / d i s c h a r f e o r i f i c e
double a 12 =a 1−a s ;
double a Ak= a r e a ( r Ak ) ;
double d e n f a c t = 1 . 0 ;
double b u l k f a c t = 1 . 0 ;
double v o l l = a r 1 * l i n e l e n g t h ;
sw i t ch ( v a r c o u n t e r )
{
case 0 : / / l i m i t
x l i m i t = x l i m i t * change by ;
change = ” l i f t − l i m i t ” ;
break ;
case 1 : / / b l e e d o r i f i c e
cd b = cd b * change by ;
change = ” cd−b ” ;
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break ;
case 2 : / / f e e d o r i f i c e
c d f = c d f * change by ;
change = ” cd−f ” ;
break ;
case 3 : / / d i s c h a r g e C
d i s c h a r g e C = d i s c h a r g e C * change by ;
change =” d i s c h a r g e C ” ;
break ;
case 4 : / / l i n e l e n g t h
l i n e l e n g t h = l i n e l e n g t h * change by ;
change =” l i n e l e n g t h ” ;
break ;
case 5 : / / mass
mass =mass * change by ;
change =” mass ” ;
break ;
case 6 : / / P r a i l
P r a i l = P r a i l * change by ;
change =” P r a i l ” ;
break ;
case 7 : / / d e n s i t y
d e n f a c t = d e n f a c t * change by ;
change =” d e n s i t y ” ;
break ;
case 8 : / / v o l 1
v o l 1 = v o l 1 * change by ;
change =” v o l 1 ” ;
break ;
case 9 : / / v o l 2
v o l 2 = v o l 2 * change by ;
change =” v o l 2 ” ;
break ;
case 1 0 : / / r o
r o = r o * change by ;
change =” r o ” ;
break ;
case 1 1 : / / b u l k modulus
b u l k f a c t = b u l k f a c t * change by ;
change =” b u l k ” ;
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break ;
d e f a u l t : {} ;
}
cout<<b u l k f a c t <<” ”<<d e n f a c t<<e n d l ;
double t f = 0 . 0 0 5 ; / / f i n a l t i m e f o r t h e s i m u l a t i o n
double t i m e s t e p s i z e = 10e−8; / / amount t o i n c r e m e n t t h e t i m e
f o r t h e s i m u l a t i o n ;
/ / Array d e f i n i t i o n s
v e c t o r <double> t ime T ;
v e c t o r <double> Q 12 ;
v e c t o r <double> Q 2s ;
v e c t o r <double> Q 1 c o n t r o l ;
v e c t o r <double> Q o ;
v e c t o r <double> Q c o n t r o l b ;
v e c t o r <double> Pl ; / / t h e l i n e p r e s s u r e
v e c t o r <double> P1 ;
v e c t o r <double> P2 ;
v e c t o r <double> Ps ;
v e c t o r <double> P c o n t r o l ;
v e c t o r <double> X; / / d i s p l a c e m e n t
v e c t o r <double> V; / / v e l o c i t y
v e c t o r <double> A; / / a c c e l e r a t i o n
v e c t o r <double> P r a i l ;
v e c t o r <double> Pchamber ;
v e c t o r <double> Pn2 ;
v e c t o r <double> X chamber ; / / d i s p l a c e m e n t
v e c t o r <double> V chamber ; / / v e l o c i t y
v e c t o r <double> A chamber ; / / a c c e l e r a t i o n
v e c t o r <double> Pout ; / / p r e s s u r e above t h e c o n t r o l volume
v e c t o r <double> Mass ; / / mass d e l i v e r e d
/ / Array i n i t i a l i s a t i o n s z e r o t i m e d e f i n i t i o n s
Q 12 . p u s h b a c k ( 0 ) ;
Q 2s . p u s h b a c k ( 0 ) ;
Q 1 c o n t r o l . p u s h b a c k ( 0 ) ;
Q o . p u s h b a c k ( 0 ) ;
Q c o n t r o l b . p u s h b a c k ( 0 ) ;
Mass . p u s h b a c k ( 0 ) ;
V. p u s h b a c k ( 0 ) ; / / v e l o c i t y
A. p u s h b a c k ( 0 ) ;
X chamber . p u s h b a c k ( 0 ) ; / / d i s p l a c e m e n t
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V chamber . p u s h b a c k ( 0 ) ; / / v e l o c i t y
A chamber . p u s h b a c k ( 0 ) ; / / a c c e l e r a t i o n
t ime T . p u s h b a c k ( 0 ) ;
double a 2 s = 0 . 0 ;
/ / one t i m e c a l c u l a t i o n s
s t d : : s t r i n g t e s t d u r a t i o n ;
s t d : : s t r i n g s t r e a m o u t ;
o u t << l i s t o f t e s t s [ t e s t c o u n t e r ] ;
t e s t d u r a t i o n = o u t . s t r ( ) ;
t e s t d u r a t i o n 1 = t e s t d u r a t i o n ;
E i n j = S i n j + l i s t o f t e s t s [ t e s t c o u n t e r ] / 1 e6 ; / / t h i s adds t h e
c o n v e r t e d i n t e g e r t o t h e s t a r t t i m e
bool v a r i n p u t P =1; / / i f v a r i n p u t ==0 t h e n use t h e v a r i a b l e
i n p u t
i f ( v a r i n p u t P ==0)
{
i f s t r e a m I n p u t p r e s s u r e ( ” / home / thomas / Desktop / C o m p l e t e P r e s s (
b a r ) . t x t ” ) ;
v e c t o r <double> F i l e t i m e ;
v e c t o r <double> F i l e p r e s s u r e ;
double x ;
/ * t h i s p a r t o f t h e program r e a d s i n t h e i n p u t from t h e s o u r c e
f i l e
* The m u l t i p l i c a t i o n v a l u e s are because t h e f i l e used i s from
t h e
* A k r i b u s which o u t p u t s t i m e i n ms and p r e s s u r e i n bar s .
* /
whi le ( ! I n p u t p r e s s u r e . e o f ( ) )
{
I n p u t p r e s s u r e >>s e t p r e c i s i o n ( 1 0 )>>x ;
F i l e t i m e . p u s h b a c k ( x*1e−3) ;
I n p u t p r e s s u r e >>s e t p r e c i s i o n ( 1 0 )>>x ;
F i l e p r e s s u r e . p u s h b a c k ( x*1 e5 ) ;
}
I n p u t p r e s s u r e . c l o s e ( ) ;
/ * The n e x t p a r t o f t h e program i n t e r p o l a t e s t o g e t t h e
r e q u i r e d
* r e s o l u t i o n f i l e t h a t t h e model i s s o l v e d f o r . I t i s done
* p r i o r t o a c t u a l l y s o l v i n g t h e problem so t h a t i n t e r p o l a t i o n
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* i s n o t done d u r i n g t h e main p a r t o f t h e program
* /
i n t co un t1 =0;
f o r ( double i = 0 . 0 ; i<= t f ; i = i + t i m e s t e p s i z e )
{
i f ( i == F i l e t i m e [ co un t1 ] )
{
P r a i l . p u s h b a c k ( F i l e p r e s s u r e [ co un t1 ] ) ;
}
e l s e
{
whi le ( F i l e t i m e [ co un t1 ] < i )
{
co un t1 ++;
}
P r a i l . p u s h b a c k ( i n t e r p o l a t e d p o i n t ( F i l e p r e s s u r e [ co un t1 ] ,
F i l e p r e s s u r e [ count1 −1] , F i l e t i m e [ co un t1 ] , F i l e t i m e [
count1 −1] , i ) ) ;
}
}
/ / c o u t << P r a i l [1]<< e n d l ;
P r a i l = P r a i l [ 0 ] ;
}
e l s e
{
P r a i l . p u s h b a c k ( P r a i l ) ;
f o r ( double t = t i m e s t e p s i z e ; t<= t f ; t = t + t i m e s t e p s i z e )
P r a i l . p u s h b a c k ( P r a i l ) ;
}
/ / i n i t i a l i s a t i o n s
double P l = P r a i l ; / / Pa
double P 1= P l ; / / Pa
double P 2=P 1 ; / / Pa
double P s =4 e6 ; / / Pa
double P c o n t r o l =P 1 ; / / Pa
double P n2=P chamber ;
double P o u t = P c ;
X. p u s h b a c k ( P f o r c e ( P 2 , P s , P c o n t r o l , a 1 , a s , a 3 , a c v ) /
k s a c i n t e r a c t i o n ) ; / / d i s p l a c e m e n t ;
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double i [ 5 ] , j [ 5 ] , k [ 5 ] , l [ 5 ] ,m[ 5 ] , n [ 5 ] , o [ 5 ] , p [ 5 ] , q [ 5 ] , r [ 5 ] , s [ 5 ] , u
[ 5 ] , z [ 5 ] ;
f o r ( i n t bob =0; bob<6; bob ++)
{
i [ bob ] = 0 . 0 ; / / p l
j [ bob ] = 0 . 0 ; / / p1
k [ bob ] = 0 . 0 ; / / p2
l [ bob ] = 0 . 0 ; / / ps
m[ bob ] = 0 . 0 ; / / p c o n t r o l
n [ bob ] = 0 . 0 ; / / acc
o [ bob ] = 0 . 0 ; / / v e l
p [ bob ] = 0 . 0 ; / / chamber
q [ bob ] = 0 . 0 ; / / n i t r o g e n
r [ bob ] = 0 . 0 ; / / a k r i b i s p i s t o n acc
s [ bob ] = 0 . 0 ; / / a k r i b i s p i s t o n v e l
u [ bob ] = 0 . 0 ; / / v o l above c o n t r o l
z [ bob ] = 0 . 0 ; / / mass d e l i v e r e d
}
double PF =0;
P l . p u s h b a c k ( P l ) ;
P1 . p u s h b a c k ( P 1 ) ;
P2 . p u s h b a c k ( P 2 ) ;
Ps . p u s h b a c k ( P s ) ;
P c o n t r o l . p u s h b a c k ( P c o n t r o l ) ;
Pchamber . p u s h b a c k ( P chamber ) ;
Pn2 . p u s h b a c k ( P n2 ) ;
Pout . p u s h b a c k ( P o u t ) ;
i n t l o c a t i o n =P1 . s i z e ( ) ;
double Q1 , Q2 , Q3 , k1 , k2 , k3 ;
double Qin , Qout1 , Qout2 , Qtemp ;
f o r ( double t = t i m e s t e p s i z e ; t<= t f ; t = t + t i m e s t e p s i z e )
{
l o c a t i o n =P1 . s i z e ( ) −1;
P r a i l = P r a i l [ l o c a t i o n ] ;
P l = P l [ l o c a t i o n ] ;
P 1=P1 [ l o c a t i o n ] ;
P 2=P2 [ l o c a t i o n ] ;
P s =Ps [ l o c a t i o n ] ;
P c o n t r o l = P c o n t r o l [ l o c a t i o n ] ;
P n2=Pn2 [ l o c a t i o n ] ;
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P chamber=Pchamber [ l o c a t i o n ] ;
P o u t = Pout [ l o c a t i o n ] ;
f o r ( i n t bob =0; bob<5; bob ++)
{
i [ bob ] = 0 . 0 ; / / p l
j [ bob ] = 0 . 0 ; / / p1
k [ bob ] = 0 . 0 ; / / p2
l [ bob ] = 0 . 0 ; / / ps
m[ bob ] = 0 . 0 ; / / p c o n t r o l
n [ bob ] = 0 . 0 ; / / acc
o [ bob ] = 0 . 0 ; / / v e l
p [ bob ] = 0 . 0 ; / / chamber
q [ bob ] = 0 . 0 ; / / n i t r o g e n
r [ bob ] = 0 . 0 ; / / a k r i b i s p i s t o n acc
s [ bob ] = 0 . 0 ; / / a k r i b i s p i s t o n v e l
u [ bob ] = 0 . 0 ; / / v o l above c o n t r o l
z [ bob ] = 0 . 0 ; / / mass d e l i v e r e d
}
f o r ( i n t c o n s t a n t c o u n t =1 ; c o n s t a n t c o u n t <=4; c o n s t a n t c o u n t ++)
{
double h = 0 . 0 ;
sw i t ch ( c o n s t a n t c o u n t )
{
case 1 :
h = 0 . 0 ;
break ;
case 2 :
h = 1 . 0 / 2 . 0 0 * t i m e s t e p s i z e ;
break ;
case 3 :
h = 1 . 0 / 2 . 0 0 * t i m e s t e p s i z e ;
break ;
case 4 :
h =1 .0* t i m e s t e p s i z e ;
break ;
d e f a u l t : { } ;
}
/ / L ine
double bulk , d e n s i t y ;
bu lk = b u l k v s p r e s s u r e ( P l + i [ c o n s t a n t c o u n t −1]*h , b u l k f a c t ) ;
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d e n s i t y = d e n s i t y v s p r e s s u r e ( P l + i [ c o n s t a n t c o u n t −1]*h , d e n f a c t )
;
k1= k i n v e r s e ( a r 1 , d e n s i t y , d i s cha rgeC , 1 ) ;
Q1= f l o w r a t e o u t ( P r a i l , P l + i [ c o n s t a n t c o u n t −1]*h , k1 ) ;
k2= k i n v e r s e ( a r 1 , d e n s i t y , d i s cha rgeC , 1 ) ;
Q2= f l o w r a t e o u t ( P l + i [ c o n s t a n t c o u n t −1]*h , P 1+ j [ c o n s t a n t c o u n t
−1]*h , k2 ) ;
k3= k i n v e r s e ( 0 , d e n s i t y , d i s cha rgeC , 1 ) ;
Q3= f l o w r a t e o u t ( P l + i [ c o n s t a n t c o u n t −1]*h , 0 , k3 ) ;
Qin=Q1 ;
Qout1=Q2 ;
Qout2=Q3 ;
i [ c o n s t a n t c o u n t ]= d p d t o p t ( bulk , v o l l , Qin , Qout1 , Qout2
, 0 . 0 , 0 . 0 , 0 ) ;
bu lk = b u l k v s p r e s s u r e ( P 1+ j [ c o n s t a n t c o u n t −1]*h , b u l k f a c t ) ;
d e n s i t y = d e n s i t y v s p r e s s u r e ( P 1+ j [ c o n s t a n t c o u n t −1]*h , d e n f a c t )
;
k1= k i n v e r s e ( a r 1 , d e n s i t y , d i s cha rgeC , 1 ) ;
Q1= f l o w r a t e o u t ( P l + i [ c o n s t a n t c o u n t −1]*h , P 1+ j [ c o n s t a n t c o u n t
−1]*h , k1 ) ;
k2= k i n v e r s e ( a f , d e n s i t y , c d f , 1 ) ;
Q2= f l o w r a t e o u t ( P 1+ j [ c o n s t a n t c o u n t −1]*h , P c o n t r o l + l [
c o n s t a n t c o u n t −1]*h , k2 ) ;
k3= k i n v e r s e ( a i l , d e n s i t y , d i s c ha rgeC , 1 ) ;
Q3= f l o w r a t e o u t ( P 1+ j [ c o n s t a n t c o u n t −1]*h , P 2+k [ c o n s t a n t c o u n t
−1]*h , k3 ) ;
Qin=Q1 ;
Qout1=Q2 ;
Qout2=Q3 ;
j [ c o n s t a n t c o u n t ]= d p d t o p t ( bulk , vo l 1 , Qin , Qout1 , Qout2
, 0 . 0 , 0 . 0 , 0 ) ; vo l 1 , P l + i [ c o n s t a n t c o u n t −1]*h , P 1+ j [
c o n s t a n t c o u n t −1]*h , P c o n t r o l + l [ c o n s t a n t c o u n t −1]*h , P 2+k [
c o n s t a n t c o u n t −1]*h , 0 . 0 , 0 . 0 , 1 . 0 , 1 . 0 , 1 . 0 , , d i s cha r geC , c d f ,
d i s cha rgeC , 0 ) ;
/ / v o l 2
i f ( (X[ l o c a t i o n ]+ o [ c o n s t a n t c o u n t −1]*h ) >0.0) a 2 s = a r e a l i f t ( (X[
l o c a t i o n ]+ o [ c o n s t a n t c o u n t −1]*h ) , r s ) ;
e l s e a 2 s = 0 . 0 ;
bu lk = b u l k v s p r e s s u r e ( P 2+k [ c o n s t a n t c o u n t −1]*h , b u l k f a c t ) ;
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d e n s i t y = d e n s i t y v s p r e s s u r e ( P 2+k [ c o n s t a n t c o u n t −1]*h , d e n f a c t )
;
k1= k i n v e r s e ( a i l , d e n s i t y , d i s c ha rgeC , 1 ) ;
Q1= f l o w r a t e o u t ( P 1+ j [ c o n s t a n t c o u n t −1]*h , P 2+k [ c o n s t a n t c o u n t
−1]*h , k1 ) ;
k2= k i n v e r s e ( a 2s , d e n s i t y , d i s cha rgeC , 1 ) ;
Q2= f l o w r a t e o u t ( P 2+k [ c o n s t a n t c o u n t −1]*h , P s +m[ c o n s t a n t c o u n t
−1]*h , k2 ) ;
k3= k i n v e r s e ( 0 , d e n s i t y , d i s cha rgeC , 1 ) ;
Q3= f l o w r a t e o u t ( P 2+k [ c o n s t a n t c o u n t −1]*h , 0 , k3 ) ;
Qin=Q1 ;
Qout1=Q2 ;
Qout2=Q3 ;
k [ c o n s t a n t c o u n t ]= d p d t o p t ( bulk , vo l 2 , Qin , Qout1 , Qout2 , a 12 ,
V[ l o c a t i o n ]+ n [ c o n s t a n t c o u n t −1]*h , 1 . 0 * (X[ l o c a t i o n ]+ o [
c o n s t a n t c o u n t −1]*h ) ) ;
/ / v o l c o n t r o l
i f ( ( t ime T [ l o c a t i o n ]> S i n j ) & ( t ime T [ l o c a t i o n ] < E i n j ) ) / /
S i n j ( 1 . 0 e−3) , E i n j ( 1 . 8 e−3) ;
{
a b = a r e a ( r b ) ;
}
e l s e
{ a b =0;}
i f ( (X[ l o c a t i o n ]+ o [ c o n s t a n t c o u n t −1]*h )>= x l i m i t ) a b = 0 . 0 ;
/ / a b =0;
bu lk = b u l k v s p r e s s u r e ( P c o n t r o l + l [ c o n s t a n t c o u n t −1]*h , b u l k f a c t
) ;
d e n s i t y = d e n s i t y v s p r e s s u r e ( P c o n t r o l + l [ c o n s t a n t c o u n t −1]*h ,
d e n f a c t ) ;
k1= k i n v e r s e ( a f , d e n s i t y , c d f , 1 ) ;
Q1= f l o w r a t e o u t ( P 1+ j [ c o n s t a n t c o u n t −1]*h , P c o n t r o l + l [
c o n s t a n t c o u n t −1]*h , k1 ) ;
k2= k i n v e r s e ( a b , d e n s i t y , cd b , 1 ) ;
Q2= f l o w r a t e o u t ( P c o n t r o l + l [ c o n s t a n t c o u n t −1]*h , P o u t +u [
c o n s t a n t c o u n t −1]*h , k2 ) ;
k3= k i n v e r s e ( 0 , d e n s i t y , d i s cha rgeC , 1 ) ;
Q3= f l o w r a t e o u t ( 0 , 0 , k3 ) ;
Qin=Q1 ;
Qout1=Q2 ;
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Qout2=Q3 ;
l [ c o n s t a n t c o u n t ]= d p d t o p t ( bulk , v o l c o n t r o l , Qin , Qout1 , Qout2
, a cv , −1 .0* (V[ l o c a t i o n ]+ n [ c o n s t a n t c o u n t −1]*h ) , 1 . 0 * (X[
l o c a t i o n ]+ o [ c o n s t a n t c o u n t −1]*h ) ) ;
/ / v o l o u t
bu lk = b u l k v s p r e s s u r e ( P o u t +u [ c o n s t a n t c o u n t −1]*h , b u l k f a c t ) ;
d e n s i t y = d e n s i t y v s p r e s s u r e ( P o u t +u [ c o n s t a n t c o u n t −1]*h ,
d e n f a c t ) ;
k1= k i n v e r s e ( a b , d e n s i t y , cd b , 1 ) ;
Q1= f l o w r a t e o u t ( P c o n t r o l + l [ c o n s t a n t c o u n t −1]*h , P o u t +u [
c o n s t a n t c o u n t −1]*h , k1 ) ;
k2= k i n v e r s e ( a i l , d e n s i t y , d i s c ha rgeC , 1 ) ;
Q2= f l o w r a t e o u t ( P o u t +u [ c o n s t a n t c o u n t −1]*h , P c , k2 ) ;
k3= k i n v e r s e ( 0 , d e n s i t y , d i s cha rgeC , 1 ) ;
Q3= f l o w r a t e o u t ( 0 , 0 , k3 ) ;
Qin=Q1 ;
Qout1=Q2 ;
Qout2=Q3 ;
u [ c o n s t a n t c o u n t ]= d p d t o p t ( bulk , v o l o u t , Qin , Qout1 , Qout2
, 0 , 0 , 0 ) ;
/ / v o l s
i f ( (X[ l o c a t i o n ]+ o [ c o n s t a n t c o u n t −1]*h )>0) a o = a r e a ( r o ) ;
e l s e a o = 0 . 0 ;
bu lk = b u l k v s p r e s s u r e ( P o u t +u [ c o n s t a n t c o u n t −1]*h , b u l k f a c t ) ;
d e n s i t y = d e n s i t y v s p r e s s u r e ( P o u t +u [ c o n s t a n t c o u n t −1]*h ,
d e n f a c t ) ;
k1= k i n v e r s e ( a 2s , d e n s i t y , d i s cha rgeC , 1 ) ;
Q1= f l o w r a t e o u t ( P 2+k [ c o n s t a n t c o u n t −1]*h , P s +m[ c o n s t a n t c o u n t
−1]*h , k1 ) ;
k2= k i n v e r s e ( a o , d e n s i t y , d i s cha rgeC , n h o l e s ) ;
Q2= f l o w r a t e o u t ( P s +m[ c o n s t a n t c o u n t −1]*h , P chamber+p [
c o n s t a n t c o u n t −1]*h , k2 ) ;
k3= k i n v e r s e ( 0 , d e n s i t y , d i s cha rgeC , 1 ) ;
Q3= f l o w r a t e o u t ( 0 , 0 , k3 ) ;
Qin=Q1 ;
Qout1=Q2 ;
Qout2=Q3 ;
z [ c o n s t a n t c o u n t ] =(Q2* d e n s i t y +z [ c o n s t a n t c o u n t −1]*h ) ;
m[ c o n s t a n t c o u n t ]= d p d t o p t ( bulk , v o l s , Qin , Qout1 , Qout2 , a s ,V
[ l o c a t i o n ]+ n [ c o n s t a n t c o u n t −1]*h , −1 .0* (X[ l o c a t i o n ]+ o [
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c o n s t a n t c o u n t −1]*h ) ) ;
/ / cou t<<Q2<<e n d l ;
/ / Need le V e l o c i t y
PF= P f o r c e ( P 2+k [ c o n s t a n t c o u n t −1]*h , P s +m[ c o n s t a n t c o u n t −1]*h ,
P c o n t r o l + l [ c o n s t a n t c o u n t −1]*h , a 1 , a s , a 3 , a c v ) ;
n [ c o n s t a n t c o u n t ]= a c c e l e r a t i o n ( PF , mass , k s p r i n g ,X[ l o c a t i o n −1]+o
[ c o n s t a n t c o u n t −1]*h , k s a c i n t e r a c t i o n , ( V[ l o c a t i o n ]+ n [
c o n s t a n t c o u n t −1]*h ) , x l i m i t ) ;
/ / D i s p l a c e m e n t
o [ c o n s t a n t c o u n t ] = (V[ l o c a t i o n ]+ n [ c o n s t a n t c o u n t −1]*h ) ;
/ / pchamber
double temp1 ;
p [ c o n s t a n t c o u n t ]= d p d t ( b u l k f a c t , d e n f a c t , vo l chamber , P s +
m[ c o n s t a n t c o u n t −1]*h , P chamber+p [ c o n s t a n t c o u n t −1]*h
, 0 . 0 , 0 . 0 , a Ak , −1 .0* ( V chamber [ l o c a t i o n ]+ r [ c o n s t a n t c o u n t
−1]*h ) , n h o l e s , 0 . 0 , 0 . 0 , a o , 0 . 0 , 0 . 0 , d i s cha rgeC , d i s cha rge C ,
d i s cha rgeC , 1 . 0 * ( X chamber [ l o c a t i o n ]+ s [ c o n s t a n t c o u n t −1]*h ) )
;
/ / n2 chamber
q [ c o n s t a n t c o u n t ]= d p d t n 2 ( vo l n2 , a Ak , 1 . 0 * ( V chamber [ l o c a t i o n
]+ r [ c o n s t a n t c o u n t −1]*h ) ) ;
/ / chamber V e l o c i t y
r [ c o n s t a n t c o u n t ] = 1 . 0 / mass chamber * ( ( ( P chamber+p [
c o n s t a n t c o u n t −1]*h )−(P n2+q [ c o n s t a n t c o u n t −1]*h ) ) *(−1.0) *
a Ak−(V chamber [ l o c a t i o n ]+ r [ c o n s t a n t c o u n t −1]*h ) *100) ;
/ / t h e minus one term a f t e r t h e p r e s s u r e f o r c e s i s t o use t h e
/ / c o r r e c t d i r e c t i o n s
/ / chamber D i s p l a c e m e n t
s [ c o n s t a n t c o u n t ] = ( V chamber [ l o c a t i o n ]+ r [ c o n s t a n t c o u n t −1]*h ) ;
}
Pl . p u s h b a c k ( P l + 1 . 0 / 6 . 0 * t i m e s t e p s i z e * ( i [ 1 ] + 2 . 0 * i [ 2 ] + 2 . 0 * i
[ 3 ] + i [ 4 ] ) ) ;
P1 . p u s h b a c k ( P 1 + 1 . 0 / 6 . 0 * t i m e s t e p s i z e * ( j [ 1 ] + 2 . 0 * j [ 2 ] + 2 . 0 * j
[ 3 ] + j [ 4 ] ) ) ;
P2 . p u s h b a c k ( P 2 + 1 . 0 / 6 . 0 * t i m e s t e p s i z e * ( k [ 1 ] + 2 . 0 * k [ 2 ] + 2 . 0 * k
[ 3 ] + k [ 4 ] ) ) ;
P c o n t r o l . p u s h b a c k ( P c o n t r o l + 1 . 0 / 6 . 0 * t i m e s t e p s i z e * ( l [ 1 ] + 2 . 0 * l
[ 2 ] + 2 . 0 * l [ 3 ] + l [ 4 ] ) ) ;
Pout . p u s h b a c k ( P o u t + 1 . 0 / 6 . 0 * t i m e s t e p s i z e * ( u [ 1 ] + 2 . 0 * u [ 2 ] + 2 . 0 *
u [ 3 ] + u [ 4 ] ) ) ;
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Ps . p u s h b a c k ( P s + 1 . 0 / 6 . 0 * t i m e s t e p s i z e * (m[ 1 ] + 2 . 0 *m[ 2 ] + 2 . 0 *m
[ 3 ] +m[ 4 ] ) ) ;
V. p u s h b a c k (V[ l o c a t i o n ] + 1 . 0 / 6 . 0 * t i m e s t e p s i z e * ( n [ 1 ] + 2 . 0 * n
[ 2 ] + 2 . 0 * n [ 3 ] + n [ 4 ] ) ) ;
X. p u s h b a c k (X[ l o c a t i o n ] + 1 . 0 / 6 . 0 * t i m e s t e p s i z e * ( o [ 1 ] + 2 . 0 * o
[ 2 ] + 2 . 0 * o [ 3 ] + o [ 4 ] ) ) ;
d e n s i t y = d e n s i t y v s p r e s s u r e ( P chamber , d e n f a c t ) ;
double k s o = k i n v e r s e ( a o , d e n s i t y , d i s cha rgeC , n h o l e s ) ;
Q o . p u s h b a c k ( f l o w r a t e o u t ( Ps [ l o c a t i o n ] , Pchamber [ l o c a t i o n ] ,
k s o ) ) ;
Pchamber . p u s h b a c k ( P chamber + 1 . 0 / 6 . 0 * t i m e s t e p s i z e * ( p [ 1 ] + 2 . 0 * p
[ 2 ] + 2 . 0 * p [ 3 ] + p [ 4 ] ) ) ;
Pn2 . p u s h b a c k ( P n2 + 1 . 0 / 6 . 0 * t i m e s t e p s i z e * ( q [ 1 ] + 2 . 0 * q [ 2 ] + 2 . 0 * q
[ 3 ] + q [ 4 ] ) ) ;
V chamber . p u s h b a c k ( V chamber [ l o c a t i o n ] + 1 . 0 / 6 . 0 * t i m e s t e p s i z e
* ( r [ 1 ] + 2 . 0 * r [ 2 ] + 2 . 0 * r [ 3 ] + r [ 4 ] ) ) ;
X chamber . p u s h b a c k ( X chamber [ l o c a t i o n ] + 1 . 0 / 6 . 0 * t i m e s t e p s i z e
* ( s [ 1 ] + 2 . 0 * s [ 2 ] + 2 . 0 * s [ 3 ] + s [ 4 ] ) ) ;
Mass . p u s h b a c k ( Mass [ l o c a t i o n ] + 1 . 0 / 6 . 0 * t i m e s t e p s i z e * ( z [ 1 ] + 2 . 0 *
z [ 2 ] + 2 . 0 * z [ 3 ] + z [ 4 ] ) ) ;
t ime T . p u s h b a c k ( t ime T [ l o c a t i o n ]+ t i m e s t e p s i z e ) ;
}
s t r i n g p a t h = ” / home / thomas / Documents / M a s t e r s / Rea l T e s t i n g /
R e s u l t s / F ind C o e f f i c i e n t s / ” ;
s t r i n g o u t f i l e c p l u s = p a t h +” Model−o u t p u t−ConstntCD−”+
t e s t d u r a t i o n +” . t x t ” ;
o u t f i l e R K = o u t f i l e c p l u s ;
c o n s t char * o u t f i l e c ;
o f s t r e a m o u t f i l e A ( o u t f i l e c p l u s . c s t r ( ) ) ;
f o r ( i n t temp = 0 ; ( temp != t ime T . s i z e ( ) −1) ; temp++ )
{
o u t f i l e A<< s e t p r e c i s i o n ( 1 0 ) <<t ime T [ temp ] <<” ”<<P c o n t r o l [ temp
]<<
” ”<<P1 [ temp]<< ” ” << P2 [ temp]<<” ”<< X[ temp]<<” ”<< V[ temp]<<
” ”<<P r a i l [ temp]<< ” ” <<Pl [ temp]<<” ”<<Ps [ temp]<<” ”<< Q o [
temp]<<
” ” <<1.0*X chamber [ temp ]* a Ak<<” ” <<Pn2 [ temp]<<” ”<<Pchamber [
temp]<<
” ”<< V chamber [ temp ]*−1.0* a Ak<<” ” << X chamber [ temp ]*−1.0*
a Ak << ” ” <<Pout [ temp ] <<” ”<<Mass [ temp ]
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<<e n d l ;
}
o u t f i l e c p l u s = p a t h +” c o l l a t e d −Model−o u t p u t c o n s t a n t c d s ”+
t e s t d u r a t i o n +” . t x t ” ;
i f ( s e n c o u n t e r ==0) / / c r e a t e s an empty f i l e
{
o f s t r e a m o u t f i l e ( o u t f i l e c p l u s . c s t r ( ) ) ;
o u t f i l e . c l o s e ( ) ;
}
o f s t r e a m o u t f i l e ;
o u t f i l e . open ( o u t f i l e c p l u s . c s t r ( ) , i o s : : app ) ;
o u t f i l e << s e t p r e c i s i o n ( 1 0 ) << sen<<” ”<<X chamber [ X chamber .
s i z e ( ) −1]*−1.0* a Ak<<” ”<< Mass [ Mass . s i z e ( )−1]<< e n d l ;
o u t f i l e . c l o s e ( ) ;
o u t f i l e A . c l o s e ( ) ;
tempy=” p l o t \” Model−o u t p u t−ConstntCD−”+ t e s t d u r a t i o n + change + sen
+” . t x t \” u s i n g 1 :17 wi th l i n e s \n ” ;
}
}
re turn 0 ;
}
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Testscope output file sorting program
# i n c l u d e <c s t d l i b >
# i n c l u d e <i o s t r e a m>
# i n c l u d e <f s t r e a m>
# i n c l u d e <s s t r e a m>
# i n c l u d e <s t r i n g >
# i n c l u d e <s t d i o . h>
# i n c l u d e < s t r i n g . h>
us ing namespace s t d ;
s t r i n g Crea t eF i l eName ( s t r i n g pa th , s t r i n g meas , i n t in j num , i n t
t e s t s p e e d , i n t t e s t p r e s s u r e )
/ / T h i s i s t h e f i l e t h a t i s e x p o r t e d from t e s t s c o p e
{
s t r i n g temp=” ” ;
s t d : : s t r i n g f speed , num , f p r e s s u r e ;
s t d : : s t r i n g s t r e a m o u t ;
s t d : : s t r i n g s t r e a m ou t1 ;
s t d : : s t r i n g s t r e a m ou t2 ;
o u t << i n j n um ;
num = o u t . s t r ( ) ;
ou t1 << t e s t s p e e d ;
f s p e e d = ou t1 . s t r ( ) ;
ou t2 << t e s t p r e s s u r e ;
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f p r e s s u r e = ou t2 . s t r ( ) ;
temp= p a t h + f p r e s s u r e +” b a r / ”+ f s p e e d +” ms / d a t a ”+ f p r e s s u r e +” b a r ” +
f s p e e d +” m i c r o s ”+num+” ”+meas+” . t x t ” ;
/ / temp=pa th+ f p r e s s u r e +” bar\\”+ f s p e e d +” ms\\Data ”+ f p r e s s u r e +” bar
” + f s p e e d +” m i c r o s ”+num+” ”+meas +”. t x t ”;
re turn ( temp ) ;
}
s t r i n g Crea teF i l eNameOut ( s t r i n g pa th , s t r i n g meas , i n t t e s t s p e e d ,
i n t t e s t p r e s s u r e ) / / t h i s f u n c t i o n c r e a t e s t h e o u t p u t f i l e
/ / T h i s c r e a t e s t h e f i l e t h a t you w i l l e x p o r t da ta t o
{
s t r i n g temp=” ” ;
s t d : : s t r i n g f speed , num , f p r e s s u r e ;
s t d : : s t r i n g s t r e a m ou t1 ;
s t d : : s t r i n g s t r e a m ou t2 ;
ou t1 << t e s t s p e e d ;
f s p e e d = ou t1 . s t r ( ) ;
ou t2 << t e s t p r e s s u r e ;
f p r e s s u r e = ou t2 . s t r ( ) ;
temp= p a t h + f p r e s s u r e +” b a r / ”+ f s p e e d +” ms / Complete ”+meas+” . t x t ” ; / /
L inux
/ / temp=pa th+ f p r e s s u r e +” bar\\”+ f s p e e d +” ms\\Comple te”+meas +”. t x t ”;
/ / Windows
re turn ( temp ) ;
}
i n t main ( )
{
s t r i n g m e a s p r o p e r t y =” ” ;
s t r i n g t e m p f i l e =” c :\\ ” ;
f o r ( i n t p r e s s u r e = 1400 ; p r e s s u r e <=1400; p r e s s u r e = p r e s s u r e +200)
{
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f o r ( i n t speed =2000; speed <=2000; speed = speed +250) / / h e re i ’m
u s i n g speed as d u r a t i o n
{
f o r ( i n t c o n t r o l = 0 ; c o n t r o l <5 ; c o n t r o l ++)
{
sw i t ch ( c o n t r o l )
{
case 0 :
m e a s p r o p e r t y =” Rate ” ;
break ;
case 1 :
m e a s p r o p e r t y =” D e l i v e r y ” ;
break ;
case 2 :
m e a s p r o p e r t y =” P r e s s ( b a r ) ” ;
break ;
case 3 :
m e a s p r o p e r t y =” F i r i n g P u l s e ” ;
break ;
case 4 :
m e a s p r o p e r t y =”Windows” ;
break ;
d e f a u l t : {} ;
}
s t r i n g f i l e p a t h ;
/ / *************************************************
/ / ENTER IN THE PATH
/ / *************************************************
f i l e p a t h = ” / home / thomas / Documents / M a s t e r s / Rea l T e s t i n g /
C o l l a t e d / ” ; / / l i n u x
/ / f i l e p a t h = ”c :\\My Documents . . . \ \ ” ; / / windows / / REMEMBER
do ub le backspace
s t r i n g f i l e n a m e =” ” ;
s t r i n g temp ;
i n t n u m f i l e s =30; / / change t h i s number i f i t s n o t r e a d i n g
a l l f i l e s p r o p e r l y
f l o a t ** a = NULL; / / P o i n t e r t o i n t , i n i t i a l i z e t o n o t h i n g .
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f l o a t i n i t i a l , i n c s i z e ;
i n t num inc ;
f o r ( i n t j = 1 ; j<=n u m f i l e s ; j ++)
{
temp= Crea t eF i l eName ( f i l e p a t h , m e a s p r o p e r t y , j , speed ,
p r e s s u r e ) ;
i f s t r e a m i n f i l e ;
i n f i l e . open ( temp . c s t r ( ) ) ;
whi le ( temp != ”ms” )
{
i n f i l e >> temp ;
}
i n f i l e >> i n i t i a l ;
i n f i l e >> i n c s i z e ;
i n f i l e >>num inc ;
i f ( j == 1) / / t h i s i s t o check t h a t t h e a r r a y i s
i n i t i a l i s e d o n l y once
{
f l o a t ** b = new f l o a t *[ num inc ] ; / / t h e s e l i n e s c r e a t e
t h e 2d a r r a y
f o r ( i n t i = 0 ; i < num inc ; i ++)
b [ i ] = new f l o a t [ n u m f i l e s + 1 ] ;
f o r ( i n t i =0 ; i<num inc ; i ++)
{
f o r ( i n t k = 0 ; k<n u m f i l e s +1 ; k ++)
{
b [ i ] [ k ] = 0 ; / / I n i t i a l i z e a l l e l e m e n t s t o z e r o
.
}
}
a = b ;
}
f o r ( i n t i = i n i t i a l ; i< num inc ; i ++) / / t h i s l oop r e a d s t h e
i n t e r e s t i n g da ta from t h e f i l e
{
f l o a t temp ( 0 ) ;
/ / c o u t <<i<<e n d l ;
i n f i l e >> temp ;
/ / c o u t <<temp<<e n d l ;
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a [ i ] [ j −1]=a [ i ] [ j −1]+ temp ; / / t h i s s t o r e s each o f t h e da ta
i n each o f t h e f i l e s i n t o t h e m a t r i x
a [ i ] [ n u m f i l e s ]= a [ i ] [ n u m f i l e s ]+ temp ; / / T h i s s t o r s t h e
adds each o f t h e da ta i n t h e f i l e s t o g e t h e r and s a v e s
i t i n t h e l a s t c o l o f t h e a r r a y
}
i n f i l e . c l o s e ( ) ;
}
/ / When done , f r e e memory p o i n t e d t o by a .
/ / C lear a t o p r e v e n t u s i n g i n v a l i d memory r e f e r e n c e .
temp= Crea teF i l eNameOut ( f i l e p a t h , m e a s p r o p e r t y , speed ,
p r e s s u r e ) ;
o f s t r e a m o u t f i l e ( temp . c s t r ( ) ) ;
f o r ( i n t i = 1 ; i<num inc ; i ++) / / t h i s l oop s t e p s t h r o u g h
t h e a r r a y t o save t h e da ta i n t h e f i l e s o u t f i l e
{
o u t f i l e << i * i n c s i z e <<” ” ; / / t h i s s a v e s t h e t i m e t h a t t h e
da ta o c c u r s
f o r ( i n t j =0 ; j<n u m f i l e s −1; j ++) / / t h i s i s s t e p p i n g t h r o u g h
t h e da ta
{
o u t f i l e << a [ i ] [ j ] << ” ” ;
}
f l o a t temp num= n u m f i l e s −1;
o u t f i l e <<a [ i ] [ n u m f i l e s ] / ( temp num +1)<<e n d l ; / / t h i s l oop
adds t h e f i n a l c o l o f t h e a r r a y and a v e r a g e s i t he re
}
f o r ( i n t i = 0 ; i < n u m f i l e s ; i ++)
d e l e t e [ ] a [ i ] ;
d e l e t e [ ] a ;
a = NULL;
o u t f i l e . c l o s e ( ) ;
}
}
}
re turn 0 ;
}
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SAMPLE OUTPUT FILES
Ta
bl
e
E
.1
:A
sa
m
pl
e
of
th
e
da
ta
fr
om
th
e
ou
tp
ut
fil
e
fr
om
th
e
Sc
ila
b
pr
og
ra
m
.
Ti
m
e
[s
]
Fl
ow
ra
te
[m
3
/s
]
N
ee
dl
e
lif
t[
m
]
Pr
es
su
re
P 1
[P
a]
Pr
es
su
re
P 2
[P
a]
0.
45
00
00
00
0E
-0
5
0.
38
55
49
53
6E
-0
8
0.
11
20
62
69
5E
-0
7
0.
80
00
10
56
2E
+0
7
0.
85
00
06
51
0E
+0
5
0.
50
00
00
00
0E
-0
5
0.
42
14
82
83
4E
-0
8
0.
13
44
86
84
3E
-0
7
0.
80
00
12
67
5E
+0
7
0.
85
00
07
78
0E
+0
5
0.
55
00
00
00
0E
-0
5
0.
45
73
65
12
0E
-0
8
0.
15
87
76
42
3E
-0
7
0.
80
00
14
96
4E
+0
7
0.
85
00
09
16
2E
+0
5
0.
60
00
00
00
0E
-0
5
0.
49
41
27
70
8E
-0
8
0.
18
48
43
25
8E
-0
7
0.
80
00
17
42
1E
+0
7
0.
85
00
10
69
4E
+0
5
0.
65
00
00
00
0E
-0
5
0.
53
35
88
35
6E
-0
8
0.
21
24
80
55
1E
-0
7
0.
80
00
20
02
6E
+0
7
0.
85
00
12
47
0E
+0
5
0.
70
00
00
00
0E
-0
5
0.
57
37
00
36
0E
-0
8
0.
24
18
54
63
1E
-0
7
0.
80
00
22
79
4E
+0
7
0.
85
00
14
41
5E
+0
5
0.
75
00
00
00
0E
-0
5
0.
61
43
36
14
7E
-0
8
0.
27
29
65
49
9E
-0
7
0.
80
00
25
72
6E
+0
7
0.
85
00
16
52
9E
+0
5
0.
80
00
00
00
0E
-0
5
0.
65
53
98
29
7E
-0
8
0.
30
58
13
15
3E
-0
7
0.
80
00
28
82
2E
+0
7
0.
85
00
18
81
3E
+0
5
0.
85
00
00
00
0E
-0
5
0.
69
93
68
27
9E
-0
8
0.
33
96
47
19
0E
-0
7
0.
80
00
32
01
1E
+0
7
0.
85
00
21
42
2E
+0
5
0.
90
00
00
00
0E
-0
5
0.
74
44
71
37
7E
-0
8
0.
37
48
62
47
8E
-0
7
0.
80
00
35
33
0E
+0
7
0.
85
00
24
27
4E
+0
5
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Ta
bl
e
E
.2
:A
sa
m
pl
e
of
th
e
da
ta
fr
om
th
e
ou
tp
ut
fil
e
fr
om
th
e
C
++
pr
og
ra
m
fo
rt
he
co
m
m
on
ra
il
m
od
el
.O
nl
y
th
e
fir
st
se
ve
n
co
lu
m
ns
ha
ve
be
en
sh
ow
n.
Ti
m
e
[s
]
P c
v
[P
a]
P 1
[P
a]
P 2
[P
a]
N
ee
dl
e
lif
t[
m
]
N
ee
dl
e
ve
lo
ci
ty
[m
/s
]
P r
a
il
[P
a]
5.
32
0E
-0
4
14
00
01
59
0.
6
13
99
98
31
9.
6
14
00
00
75
8.
8
-7
.2
5E
-0
07
7.
38
E
-0
08
14
00
00
00
0
...
5.
32
1E
-0
4
14
00
01
59
0.
6
13
99
98
31
9.
6
14
00
00
75
8.
8
-7
.2
5E
-0
07
7.
38
E
-0
08
14
00
00
00
0
...
5.
32
2E
-0
4
14
00
01
59
0.
6
13
99
98
31
9.
6
14
00
00
75
8.
8
-7
.2
5E
-0
07
7.
38
E
-0
08
14
00
00
00
0
...
5.
32
3E
-0
4
14
00
01
59
0.
6
13
99
98
31
9.
6
14
00
00
75
8.
8
-7
.2
5E
-0
07
7.
38
E
-0
08
14
00
00
00
0
...
5.
32
4E
-0
4
14
00
01
59
0.
6
13
99
98
31
9.
6
14
00
00
75
8.
8
-7
.2
5E
-0
07
7.
38
E
-0
08
14
00
00
00
0
...
5.
32
5E
-0
4
14
00
01
59
0.
6
13
99
98
31
9.
6
14
00
00
75
8.
8
-7
.2
5E
-0
07
7.
38
E
-0
08
14
00
00
00
0
...
5.
32
6E
-0
4
14
00
01
59
0.
6
13
99
98
31
9.
6
14
00
00
75
8.
8
-7
.2
5E
-0
07
7.
38
E
-0
08
14
00
00
00
0
...
5.
32
7E
-0
4
14
00
01
59
0.
6
13
99
98
31
9.
6
14
00
00
75
8.
8
-7
.2
5E
-0
07
7.
38
E
-0
08
14
00
00
00
0
...
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Ta
bl
e
E
.3
:A
sa
m
pl
e
of
th
e
da
ta
fr
om
th
e
ou
tp
ut
fil
e
fr
om
th
e
C
++
pr
og
ra
m
fo
rt
he
co
m
m
on
ra
il
m
od
el
.T
he
ne
xt
se
ve
n
co
lu
m
ns
ha
ve
be
en
sh
ow
n.
P l
in
e
[P
a]
P 3
[P
a]
Q
[m
3
/s
]
A
kr
ib
is
pi
st
on
di
sp
la
ce
m
en
t[
m
]
P n
2
[P
a]
P c
h
a
m
be
r
[P
a]
A
kr
ib
is
flo
w
ra
te
[m
m
3
/s
]
...
14
00
01
35
8.
2
39
99
99
7.
76
0
0
28
00
00
0
28
00
00
0
0
...
...
14
00
01
35
8.
2
39
99
99
7.
76
0
0
28
00
00
0
28
00
00
0
0
...
...
14
00
01
35
8.
2
39
99
99
7.
76
0
0
28
00
00
0
28
00
00
0
0
...
...
14
00
01
35
8.
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Appendix F
Discharge coefficient approximation
A method of approximating the discharge coefficient is presented here. The discharge
coefficient calculated here can only be used as a guideline as it does not account for
transient flow, the different geometry of the injector and the difficulty in accurately
measuring the geometry of the injector.
F.1 Analysis
Figure F.1 shows the discharge coefficient versus the Reynolds number for the flow
through an orifice with diameter. The discharge coefficient is given for different ratios
of the orifice diameter do and the pipe diameter Dp. The Reynolds number is given as
Re =
V Dp
υ
.
by Munson et al. [23], where V is the velocity of the fuel and υ is the dynamic viscosity.
Letting V = 300 m/s, Dn = 1 mm which is an approximate of what may actually occur
since the geometry is varying in time, and υ = 2.0 × 10−6 ms2/s, then the Reynolds
number, Re = 17× 103. This means the flow definitely turbulent.
Figure F.1 requires that the do/Dp ratio is known. In the injector, due to the difficulty
in measuring the internal injector geometry and its variation with time, this value Dp
is difficult to ascertain. However, since do is very small (= 0.173 mm), it is likely that
the do/Dp value will tend to zero. Thus, for a Reynolds number of Re = 17 × 103,
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F.1. ANALYSIS DISCHARGE COEFFICIENT APPROXIMATION
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Figure F.1: Discharge coefficient versus Reynolds number greater than 104 for flow through an
orifice in a pipe with different ratios of the orifice and pipe diameter [23].
it is reasonable to assume, based on this figure, that a value of 0.6 for the discharge
coefficient is reasonable.
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